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STRESS-STEAIN-TIME BEHAVIOUR OP AEIISOTROPICAT.il CONSOLIDATED MARINE 
GLAT UNDER VARIOUS STRESS PATHS 


In the study of the stress-strain- time behaviour of the clay, 
resedimented samples have been anisotropically consolidated along 
two stress ratios and then sheared along various stress paths in the 
triaxial, covering almost the entire stress space. Stress-strain- 
volume change curves for different stress paths, both for normally 
consolidated and lightly overconsolidated samples have been presented. 
Anisotropic consolidation tests show dependence of X on n • 

Unloading behaviour along various stress paths has been presented. 
Elastic moduli for various stress paths have been worked out using 
theoty of elasticity and the limitations of this theory resulting in 
an anamoloi^s behaviour for a few stress paths is pointed out. It 
is shorn that the effect of anisotropic consolidation and light overcon- 
solidation on modulus is marked. Tests along various stress paths 
on lightly overconsolidated samples have shown that the insitu. 
behaviour of soft marine clays may, atleast qualitatively be predicted 


from such tests. 
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Drained triaxial creep behaviour has been studied along various 
stress paths and the results have been presented in the form of 
percent strain vs. log time relationships for normally consolidated 
and li^tly overconsulidated sam.pl es. It has been shown that the 
curves, after a fe-5w hundred minutes of primary consolidation, resolve 
into linear strain-log time relationships. It is pointed out that 
the axial and shear lo^rithmic creep rates very much depend on the 
stress path and the stress ratio. Volumetric logarithmic creep 
rates are independent of stress ratio, whereas stress path seems to 
sli^tly affect volumetric creep rates as well. It is shown that the 
logarithmic creep rates for lightly overconsolidated samples are far 
too low as compared to the corresponding rates for the normally 
consolidated samples. The effect of aging on the logarithmic creep 
rates is marked. 

The prediction of the stress-strain-time behaviour as experi- 
mentally observed in this investigation, has been attempted by means 
of a semi— empirical model. It is proposed that the test results of 
a wide variely of stress paths, may be predicted from the results 
of two basic tests; (i) oonsolidation (q-constant) test and (ii) pure 
shear (p-constant) test. The parameters for this model have been 
evaluated from the restats of B, B, , and B-tinloading stress path 
tests, The stress level and the nonlinearity has been taken into 
account in the evaluation uf the parameters. The predictions from 
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the proposed model have been compared with the other available 
models. The proposed model shows very good agreement with the 
experimental results for loading stress paths. It has^alsOabejem: suggested 
that- the- model 9sua give __reafona^.9^pj^diet ions of, ,-k^ -value, the 

behaviour during undrained shear and the k^-unloading. 

The prediction of the drained creep rates by the proposed 
model compares very well for the tvro loading stress paths. The 
proposed semi -empirical approach is shorn to be highly versatile. 

It has been suggested that the proposed model can be readily used 
to predict the settlonents and the cr©ep rates of footings on soft 
clays on the lines of Lambe's stress pa -til method. 

Berkeley rate process model parameters have been evaluated 
from the drained creep tests for various stress paths and it is 
suggested that this model, which was so far tried only for undrained 
creep, may be used to predict the steady state drained creep rates, 
provided an average ’m* value and ’a' and 'A' as fanctions of 
stress path and stress history are used in the three-parameter 


equation 
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INTRODUCTION 

1.1 GENERAI 

Soil engineering requires the prediction of stresses and 
displacements induced in the ground due to any activity in the 
soil mass ; it may be either the construction of a struct\ire over 
it, or an excavation being planned for some purpose. The 
importance of the stress-strain behaviour of soil has been 
mainly realized after Roscoe's (l970) Rankine lecture and since 
then more & more effort is being made to obtain a constitutive 
relation, which can predict the soil behaviour in general. Before 
any such relation could be developed, a quantitative imderstanding 
of the mechanical behaviour of soils is very necessary. 

1.2 STRESS-STRAIN-TIME BEHAVIOUR 

It vri.ll be highly desirable to study the stress-strain-time 
behaviour insitu, however, it requires very sophisticated instruments 
to be developed. Although, quite a few instruments axQ being used 
for various tests, these are still in a developing stage. Because 
of these limitations^ laboratory studies have to be carried out on 
the undisturbed saii 5 )les. As the undisturbed samples are generally 
non-uniform, any check on •Sie predictive power of a model, would be 
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masked due to this factor. It is, therefore, veiy desirable to 
study the basic b daaviour on uniform laboratory samples prepared 
by resedimentation. Again, most of the studies haye been made 
on isotropically consolidated samples. However, to get a realistic 
assessment of the field behaviour, tests which duplicate the insitu 
condition should be conducted. As there have been only a few 
investigations pertaining to relevant drained stress-strain-time 
behaviour, this important aspect has been considered in detail in 
this investigation. 

1.3 PREDICTION 

The models available for predicting the behavioxir, are based 
on theory of elasticily, theory of plasticity, theory of visco- 
elasticity etc. The predictions from these models have usually been 
checked from tests conducted on isotropically consolidated samples, 
probably because a comprehensive investigsition was not available on 
k^— consolidated samples. However, a few recent studies on samples 
having k^-consolidation history have been made and they indicate 
that the available models probably cannot predict this behaviour. 

Once a model is checked against its predictions on uniform lab. 
samplM, it can then be thou^t of being applied, wi14i caution, to 
very complex field conditions. The present study, has been conducted 
keeping this view point in mind. 
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1.4 PifflSElTi:A.a?IOK 

IQae relevant literature associated with the mecbaniteal behaviour 
mainly under triaxial test conditions and the vaflous available models 
haiebeen discussed in Chapter 2. 

Chapter 3 gi^res the details of the experimental setup, soil 
•type and test conditions along with the brief procedure of conducting 
the tests. _ - 

In Chapter 4, Stress-strain behaviour of anisotropically 
consolidated samples under various stress paths has been presented. 
Tests on normally consolidated and li^tly overconsolidated samples 
are compared. inisotropic consolida'taon results are given. Use 
of theory of elasticity in evaluating the elastic parameters with 
the help of the relevant tests is critically discussed. 

Chapter 5 deals with the drained creep behaviour along 
Various stress paths. ^lie influence of stress path & stress 
ra'tio on the drained creep rates are discussed both for normally 
and lightly overconsolidated saa 5 )les. 

In Chapter 6, a model is proposed to predict the observed 
stress-strain-*-time behaviour of clays. Evaluation of parameters 
for this model is discussed. Predictions from the model are 
compared with those from o-ther available models. The versatility 
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of the model ie illustrated by predicting state boundaiy 

surface etc. 

Chapter 7 gives the avuamaiip^ of the investigations and the 
conclusions on the different aspects of the study. Suggestions 
for further research are mentioned. 


The list of references thai follow Chapter 7 
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LITEEATURE EEVIEW 

2.1 GENERAL 

The study of the stress-strain-time behaviour of soils was 
almost ignored so far, as practically all the research was aimed at 
obtaining their strength characteristics. It was Roscoe (1970) >who 
in his Rankine lecture, has emphasized ; "we should stop concentrating 
attention only on the shear strength of soils and think in terms of 
their stress-strain behaviour, especially at stress-levels corresponding 
to working loads which will probably be less than half the values . 
required to produce failure". Attempts to separate a real soil 
response artificially into either an over-simplified deformation 
situation without regard to localized yielding which occurs, or into 
a failure problem T;hich disregards the deformation in the soil, lead 
to many difficulties in the analysis, understanding and interpretatioxi 
of the behaviour (Scott & Ro , 1969)* . 

To obtain a unique constitutive relation, which can be 
applied to all types of soils and under various conditions, viould 
be almost an impossible task. This is because of the extremely 
variable nature of soil deposits found in nature, which have been 
influenced by the vagaries of nature for millions of years. Insitu 
testing is the prime necessity (Lambe, 1973) of the day to evaluate 
the true field response. However, laboratory studies on the 
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undisturlDed samples have Toeen found to predict the insitu "behaviour 
reasonably well (Bjerrum, 1973) • The laboratory studies on resedi- 
mented samples have their o'm merit in a fundamental study, ¥i?here 
the predictions of different Eiodels have to be checked on uniform samples, 
before its use to predict the field behaviour can be assessed. Their 
have been three stages of development ; 

(i) Engineering or macroscopic research, 

(ii) Mathemtical research in the field of continuum mechanics using 
the theories of elasticity, plasticity, visco-elasticity etc. and 

(iii) Physico-chemical and microscopic research. 

Physico-chemical and microscopic research has been the 
subject of study by many researchers (e.g., Lambe, I951 , 1953| 

Rosooe, 1967 I "Morgenstem and Tschalenko, I967) and will not be 
discussed, here. The first two approaches will be covered in short. 

2 .2 ElTGimiERIlG OR llkCROSCOPIC BEHAVIOUR 

In the early years of development Hvorslev' s (1937»'I960) 
contribution along with the work of Bjerrum (1954) and Gibson (1953) 
on the fundamental shear strength parameters marked the beginning 
of the subsequent studies on the strength characteristics of the 
soils. The prediction of the failure strength and failure void ratio 
from a knowledge of the initial void ratio and the stresses was 
attempted by Rendulic (1936,1937)* His findings were substantiated 
and elaborated by Henkel (1956, 1959, I960). ‘Recently, Varadarajan 
(1973) has given the concept of critical stress path and critical 
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OCB in re-establishing and rationalising the useful concepts laid 
down by Bendulio and Henkel. 

Studies on the stress-strain behaviour of soils gained 
moTnentum with the adva,nces in numerical techniques. A detailed 
investigation on the undrained stress-strain behaviour was given 
by Ladd (1964)» Since then, there have been numerous investigations 
on the study of the undrained stress strain behaviour with special 
emphasis on the undrained modulus. See Ladd (1964> 1965) j Janbu (1963) » 
Cra?7ford (l959)j Gasagrande and Wilson (l95l)> Richardson and 
Whiteman (1963) » Ward, Samuels and Bitler (1959) j Cooling and 
Skempton (1942), Bjerrum (1964), Varadarajan (1973)* 

Compared to the study of undrained modulus, drained modulus 
has not been investigated to that extent. Effect of stress path on 
the drained modulus was emphasized by Lambe (1964, 1967)*, Yudhbir 
and Varadarajan (19T5) kave studied the dependence of drained 
modulus on stress path (four stiress paths have been investigated) 
confining pressure. Th^t drained modulus is very much a function of 
stress path and confining pressure has been clearly brought out. 

They have solved a retaining wall problem, where the effect of 
using relevant stress path dependent moduli for each soil element 
on the deformations, lias been clearly shown. A comprehensive review 
of the factors affecting undrained and drained moduli is given by 
Yudhbir et. al . (1975)* 
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Altho-ugh, Yudh'bir and Varadarajaix (1975) and Yudhbir et. 
al. (1975) hare convincingly shewn the dependence of stress path 
on modulus, the drained tests described by them are on isotropically 
consolidated samples. It is now ¥/ell kno’/im that the modulus values 
obtained from tests on isotropically consolidated samples are far 
too low 8.S compared to the actual insitu values. Thus, for a 
realistic assessment of the insitu stress-strain behaviour, the 
samnles should first be subjected to the -consolidation history 
before shearirg along a relevant stress path. This has been 
emphasized by Berreand Bjerrum (1973), Vaid and Campanella (1974), 
Simons and Som (1969), Simons (1972), Bjerrum (1973) and Yudhbir 
et. al. (1975). 

2.2.1 Field Behaviour 

The field behaviour of soft marine clays is altogether 
different fromY^hat is obtained :from the usual laboratory tests. 

The normally consolidated marine clays exhibit light overconsolidation 
insitu due to various factors such as delayed consolidation etc. 
(Bjerramj 1967). It has been shown by Bjerrum (l 97 5) that the insitu 
conditions can be restored if the undisturbed samples are ceconso- 
lidated to the actual stresses existing in the field before shearing. 

Recently, Parry and Nadarajah (1974) have shown that 
atleast qualitatively, the insitu behaviour of soft clays can be 
simulated in the laboratory by conducting tests on resedimented 
lightly overconsolidated samples (OCR from 1 to 2.5). IJndrained 
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tests conducted from various OCR values showed a distinctly different 
hehaviour as compared to the corresponding hehaviour observed for 
normally consolidated samples. This approach is very useful in 
simulating the insitu behaviour of soft clays in the laboratory. 

Rrora these studies a-s discussed, it is seen that barring 
the work of Yudhbir and Varadarajan (l975) isotropically consoli- 
dated samples a,nd that of Simons and Som. ( 1969 ) and Yaid and 
Campanella (1974) 0 ^ k^ -consolidated samples, hardly any data its 
available in the literature, where the variation of drained modulus 
is shown with stress path on k^-consolidated samples. Also 
practically no data is available on the important aspect of the 
simulation of -the drained field behaviour of soft marine clays in 
the laboratory. Hence drained triaxial tests along, various stress 
paths are required for k^-consolidated samples (both normally and 
lightly overconsolidated) to obtain the variation of modulus v^ith 
stress path. 

2 .5 STUDIES OE DEFORMA-TIOIT USIHG THEORY OF ELASTICITY AHD 
PLASTICITY etc. 

Soils have been studied as a discrete system consisting 
of an assemblage of particles by Rovire (1962), Home (1965) and 
Barden and Khayatt (1966). However, it has been more common to 
consider soils 8.s a continuum and to use the methods and results of 
continuum mechanics for studying the mechanical properties of 
soils. 
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2.3*1 Elasticity Methods 

Uhe simpLest approach is to use the theory of linear 
elastieiiy. There is complete uncoupling of the tydrostatic and 
deviatoric components i.e., the volumetric strains are related to 
hydrostatic (or octahedral normal) stress by the bulk modulus and 
the deviatoric (or octahedral shear) strain is related to deviatoric 
(or octahedral shear) stress by the shear modulus. Because of 
linearity, superposition is applicable. No irrecoverable (plastic ) 
deformation is described by this theoiy . A complete description of 
the mechanical properties by this theory requires only two parameters 

On the other hand, anisotropic theoiy of elasticity requires 
five constants from relevant tests. Use of theory of elasticity in 
various soil mechanics problems has been very well documented by 
Po\aos and Davis (1974). Gibson (l974) in his Eankine lecture has 
shown the extent of modification of the predictions by elastic theory 
if heterogeneity and anisotropy are taken into account in its 
formulation. Application of theoiy of anisotropic elasticity to 
over-consplidated clays has been indicated by Simons and Som (l969), 
Henkel (1972) and Wroth (l972). 

In order to include both displacement and failure in analyses, 
Duncan and Chang ( 1970) developed simple, non-linear stress-strain 
relations based on the generalized Bboke's law and the Mohr- 
Goulomb failure criterion. OIhe stress-strain curves were described 
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by bypelrbolio relations following the deTelopments of Kondner (l963). 
These relations were used for incremental analysis of embankments, 
excavations, and locks (Ohang and Duncan, 1970} Clough and Duncan, 1971; 
Kulhawy, Duncan and Seed, 1969 and Kulhavsy and Duncan, 1970 ). Yudhbir 
and Varadarajan (l975) have used stress path dependent moduli for an 
earth pressure problem. 

Yudhbir et. al. (1975) have worked out the elastic parameters 
for four different stress paths using theoiy of elasticity and have 
shown that anomalous behaviour is obtained for stress path (p- 
constant test) and those in its nei^bourhood. They suggest an alter- 
native to circ\mvent this problem. However, these tests were conducted 
on isotropicai:iy consolidated samples, which obviously will not 
represent the insitu field behaviour. 

Eecently Domaschuk and Yalliappan (l975) have anaJysed a 
settlement problem by using G and K parameters in the finite element 
programme, as obtained from p— constant and isotropic consolidation 
tests respectively. They have taken into account the effect of 
pressure and non-linearity of the stress-strain curve and their 
settlements show good agreement with the measured values. However, 
the author feels that this agreement may be fortuitous as first 
of all P-constant and consolidation tests from k^- line should have 
been conducted (modulus values are erroneous for tests on isotropic 
samples , as discussed in section 2.2) and secondly, using parameters 
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G and K, as such, would result in decoupling of the strains, yhich 
is contrary to the observed soil behaviour. : 

It has been observed experimentally that (i) mary soils are 
inelastically deformed almost immediately upon application of stress, 
(ii) there is coupling between volume changes and changes in shear 
stress, (iii) dense soils expand in volume during pure shear and 
(iv) many soils, drained or undrained, experience a decrease in 
strength -with further straining after a peak strength has been 
reached. Por these and many other reasons (like stress path dependent 
behaviour etc), elasticity theory or extensions thereof cannot be 
expected to account for the soil behaviour properly. Prevost and 
Hoeg (1975) suggest that based on analytical studies with more rigorous 
and realistic stress-strain formulations, it should be possible to 
determine for what types of problems and soils, simple elasticity 
theory may give adequate predictions (also see IXjncan and Chang, 1972 
and Scott and Ko, 1969). It is desirable that elastic parameters 
be evaluated for other stress paths (typical footing stress paths etc.) 
from tests on anisotropically consolidated samples. 

2.3-2 Plasticity Methods 

ilhere are three basic requirements for a plastic stress- 
strain theory : (i) there must exist a yield surface such that if 
the soil is subjected to changes in stress represented by points 
inside the surface, the soil will deform elastically, whereas if 
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the changes in stress cross the yield surface, it will yield plastically. 
The yield surface expands as the soil is loaded to successiTely higher 
stress levels, and at failure the yield surface coincides with the 
failure surface, (ii) a flow rule is required to relate the relative 
magnitudes of the strain increments to the stresses and (iii) a work- 
hardening law is needed from which the magnitudes of the plastic strain 
increments caused by a given stress increment can be deteimined. A 
brief review is given of the various models based on this approach. 

2.3.2 . 1 Cam Clay Model 

Investigations into the deformat ional behaviour of cohesive 
soils date back to Rendulic (1956, 1937) who established that for 
triaxial conditions (a^, = c^), the state of a normal ly consolidated 

element at all times during the loading process formed a unique surface 
in (o', 0 ^, w) space. Almost concurrently, Hvorslev (1937) concluded 
that the peak shear stress at failure of a soil is a function of the 
effective normal stress, and of the voids ratio, in the plane of 
failure at the moment of failure, and this function is independent of 
the stress history of the sample. If Hvorslev 's equation is plotted 
three dimensionally, it will define a unique surface in (o', e,T) space, 
which is called Hvorslev surface (Roscbe et. al. , 1958). 

Eoscoe et. al* , (l958)cCmbined the approaches of Rendulic and 
Hvorslev and could succeed in presenting a unified picture by plotting 
triaxial test results in three dimensional (RSixd) space, where 
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+ 2a' 

the hydrostatic stress component P* was defined as ( ) and the 

deviatoric stress component q as (<J * *- 0 ^). Eiis wo it of the Cambridge 
group was subsequently refined and developed and is described by 
Eoscoej Schofield and Thurairajah (1963)» Roscoe and Poorooshasb (l963)} 
Galladine (3963 )> Roscoe and Schofield (l963)> Poorooshasb and 
Roscoe ( 1963 ), Roscoe and Ihurairayah (1964), and Schofield and 
Wroth (l968). The principal objective of this research was to present 
a unified picture of the stress-strain behaviour of soils, to correlate 
the results of various fypes of tests and to obtain the constitutive 
equations describing the stress-strain behaviour. The final hypothesis 
emerging from this v/ork was that the (jp',q,co) state paths for all tests 
would lie within a 'state domain' bounded by two surfaces of limiting 
states (Rendulic and Hvorslev surfaces). The continuous yielding of 
a sample was said to be represented by a state path, which would rise 
to the 'state boundaiy surface' and ranain on that surface until 
eventually the sample would reach the critical condition, termed the 
'critical state', where the sample can continue to distort without 
further change of e, P' and q. 

Poliowing a suggestion by Galladine (l963)? Roscoe, Schofield 
and Thurairajah (l963) assumed that the vertical projection of the 
elastic swelling curve on to the state boundaiy surface 'represented 
a curve of limiting elastic states and the projection of this curve 
on to the (P',q) plane was assumed to provide both the yield locus end 
the plastic potential. This assumption together with the assumption 
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that distortion is irrecoverable (i.e., ) and that the 

elastic volvimetric strain is only a function of P’ (given by 
e k dP 

dv = pT j ^ being the slope of the swelling curve in e-ln 

P'plot and e being the initial void ratio) , was made use of to 
predict the shear strains. One further assumption regar.iing the 
rate at which -che energy is dissipated d\ud.ng shear distortion was 
made to the effect that — = MP’, where W is the energr dissipated 
within the saaple, c a distortional shear strain parameter, 
defined such that de = — (de^ - de^) and M a fundamental soil 
constant. 

!Ehe following relations for the Gam clay, have been given 
based on the assumptions discussed; 

Incranental volumetric strain is given by. 
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Incremental shear strain is given by, 


1+e Mp'(M-n) ^ 


Yield locus is given by, 
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State boimdary surface is given by 
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where P' is the -value of P* when n = 0 and P„ is analogous 
o ® 

to the ’eq-uivaleut pressure* proposed by Hrorslev (l937). This 
model is developed for "wet" clays (normally & lightly overconsolidated 
clays) only. 


The Cam clay model invariably overpredicts the observed 
values of the strain increments for changes of p , at small values 
of n ) even though excellent agreement was found for changes of p 
at larger values of p . This model also overpredicts 
(Eoscoe and Birrland, 1968). However, the predictions by this 
model have only been checked for tests on isotropically consolidated ^ 
samples. 

2, 3 . 2. 2 Modified Theory after Borland 

Borland (l965) improved upon the Cam clay model by adopting 
.a different expression for the dissipated vrorks 

6 W = T' f + (M (2.5) 


Retaining the other assumptions of the Cam clay, following 
expressions have been suggested: 



[(x-k) 


2n dn 

2 2 
M + n 


+ X 



(2.6) 



(2.7) 



^-k ( 2n \ r 2ri 6n 5P -i 


yield locus is given by 
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Equation of the state boiindajy surface is given by 
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Ihile excellent agreement was found between prediction and 
observation of the state boundary surface, there was a tendency for 
the underprediction of both shear and volumetric strains. Th-ig 
represented an overall improvement over 0am clay model. Agan n the 
predictions from this model have only been checked for tests on 
isotropically consolidated samples, as shown by Eoscoe & Burland 
'(l968). Newland ( 1973) has shown that this theory considerably 
overpredicts the shear strains for undrained and q-constant stress 
path tests conducted on anisotropically consolidated samples. 
Obviously this requires confirmation by a detailed study. 

2. 3.2. 3- Eoscoe and Burland Model 


So far it was assumed that no shear distortion of any type 
can be associated with a state path beneath the state boundary- 
surface. Eoscoe and Burland (l968) have given the experimental 
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eTidenoe to show that "while the concept of an elastic limit line 
’’lying on the state boundaiy surface is a good approximation for 
volumetric strains, considerable plastic shear distortion does take 
place for state paths observed beneath and on the state boundary 
surface". It is observed from experiments that irrecoverable or 
plastic strains often occur from the very beginning of the deformation 
process. Moreover, during undrained loading of soil, although the 
volume chants are zero, considerable irrecoverable shear strains 
may take place. Soseoe and Bur land (1968) suggest the use of an 
additional yield surface parallel to the P’— axis. The introduction 
of an additional yield surface of this "type permits the retention 
of "the normalily rule of plasticily and allows the prediction of 
plastic shear distortions beneath and on the volumetric yield surface* 
They suggest the addition of the term (shear distortion 

corresponding to constant volume test) to the shear distortion 
predicted by Burland (l965) for each n value. 

The comparison of the predictions using this model shows that 
it gives excellent agreement in the beginning, thereafter Burland 
(l965) shows better predictions. The vol-umetric strains are sli^tly 
underpredicted. Unfortunately, all the comparisons made from these 
models, involved tests with isotropic consolidation stress history 
and these showed very good agreement. However, the results of an 
excellent series of tests carried •ut by lewin and Burland (l970) on 
anisotropically consolidated samples were never compared with the 
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predictions by these theories. lewland (l973) has shown that Burland's 
model considerably overpredicts the shear strains of q— constant and 
undrained tests carried out on aniso tropically consolidated samples. 
Heedless to say, LRoscoe and Burland's (l966) model would show still 
larger predictions for these tests. Haou^ the power behind the 
generalized theory is never in doubt, it is open to speculation for 
its capability to accurately predict the insitu b^aviorir, as the test 
studies of Hewland (l973), lewin and Burland (l970) have shown. All 
these studies have either been conducted on Kaolin or on such materials 
which had low k/x ratio. Hence, a detailed investigation on 
anisotropically consolidated natural cl^ (having high k/X ), encompa- 
ssing a number of stress paths, is desired to check the suitability 
of these models to predict the observed behaviour. 

2. 3-2. 4 Prevost and Hoeg Model 

The 0am clay, Burland and Eoscoe and Burland models as described 
above were developed at Cambridge. These models have been given for 
"wet clays" only. 

Prevost and Boeg ( 1975, a) have recently incorporated Eoscoe 
and Burland’s suggestion of a horizontal yield surface in addition 
to the usual yield surface, to take into account the additional 
component of plastic shear distortion for stress paths inside and on 
the volumetric yield locus. 
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In another paper, Prevost & 'I^eg (l975) have extended the 
Cambridge models to take into account the strain softening behaviour 
in its fcxcmulation, Thi^ is an important contribution. !Ehe 
predictions from these models have yet to be assessed, 

!I!hus it can be seen that the incremental theoiy of plasticity 
is a powerful tool and can handle the dilatant, stress path dependent 
soil behaviour, as opposed to the theory of elasticity app3X>ach, which 
cannot take these factors into account. If should, however, be 
mentioned that the use of associated flow rule of plasticity would 
lead to erroneous predictions of shear strains, as the direction of 
the plastic strain increment vectors is dependent on the direction 
of the stress path (lelievre and Wang, 1971; Lewin and Burland, 1970)* 
A more correct approach would appear to be on the lines suggested by 
lade and Duncan's (l975), who use a non-associated flow rule. 

2 . 3 .5 Semi -Empirical Methods 

2. 3 . 3*1 Roscoe and Poorooshasb Model 

According to Roscoe and Poorooshasb (1963), the incremental 
strain associated with a given stress increment can be considered 
as the sum of two components that occur in a constant volume process 
f undrained test) and a process in which the stress ratio remains 
constant (anisotropic consolidation test). The relationship was 
expressed in the forms 
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where 6 e^ is tte total axial strain increment and 6 v = ( 6 e^ + 26 c^) 


is the total vol'umetric strain increment. 
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The first component (rr") is obtained from an undrained 
3ei . 

test, whereas (—^ )i^ is obtained from anisotropic consolidation 
tests. 


Poorooshasb and Eoscoe (1963) indicated the graphical approach, 
which can be conveniently used to predict the strains . Predicted 
and experimental values are compared for conventional drained tests . 

The predictions were quite good. 

This is the first systematic semi -empirical approach used to 
predict the strains for wet clays. Hov/ever, this method has not been 
tried to predict the strains for other stress paths. 

2. 3 ,5. 2 Wroth and Loudon Approach 

Wroth and Loudon (1967) have shown that the results of a 
series of undrained tests on samples of Kaolin with varying degrees 
of ovsrconsolidation, when plotted non-dimensionally in p/P^ and 
l/Eg space, reveal a family of distinct contours of equal increment 
of strain, parallel to the P/P^ axis in the light overconsolidation 
range. With the help of these contours, it is shown that the 
complete stress-strain curve of the conventional drained test 
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startir^ from a lightly overoonsolidated state can he satisfacto- 
rily predicted. The prediction of only one test is shown. 
However, the parallelism of the contours obtained by ¥roth and 
Loudon for isotropically consolidated samples, will not hold good 
for k^“>consolidated samples, as has been shown by Parry and 
Nadarajah (1974). 

troth's Model 

Wroth (1968) suggested that the results of. a wide variety 
of tests on normally consolidated clays may be predicted from the 
results of tiwo series of tests (i) anisotropic consolidation tests 

(ri= constant) and (ii) P-oonstant tests (P' = —L— 1_ = constant) 

as follows^ 


If ^ 

It 


(2.11) 

( 2 . 12 ) 


The factors and ^ are obtained from the aniso- 


tronic consolidation tests, whereas .anH 

9n 3n 


are obtained 

from P-constant tests. Wroth has suggested that Eqs. 2.11 and 
2.12 are general and can be used to predict the stress-strain 
behaviour along various stress paths. These parameters have been 
evaluated from P-constant loading & unloading tests and anisotropic 
consolidation and swelling tests. The stress level dependency has 
been taken into consideration. The prediction of conventional 
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drained, special drained test with reducing, q-constant test, 

undrained test, anisotropic consolidation test, K^, and -unloading, 
have been given using this approach. 

Wroth' s model appears to he a powerful one, which has the 
ability to predict both loading and unloading stress paths. The 
predictions of the results of a few stress path tests conducted on 
isotropically consolidated samples have been made by Wroth. However, 
Wroth's model should be checked for its predictive power, with the 
test results (different stress paths) conducted on k^-consolidated 
samples, 

2. 5. 3. 4 Hewland' s Approach 

Newland (1973) method is based on the premise that any loading 
stress path (wet clay) may be considered to be a combination of the two 
phases, namely, undrained shear (with q increasing) and consolidation 
:with q-constant. Based on this model, he predicts the results of 
anisotropic consolidation and the conventional dmined tests. 

The predictions show good agreement v^ith the experimental results. 
Hewland' s results (q-consta,nt) conducted on anisotropic ally consolidated 
Heolin could not be predicted by the Canbridge models. 

2.3.3 ..5 Lewin' s Approach 

Lewin (1971) conducted a no. of anisotropic consolidation tests 
both on the compression and the extension side on Llyn Brianne Slate dust 
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(same mterial as used in the investigation reported in Lewin and 
Burland, 1970). Experimental evidence is presented which suggests 
that where a saturated clay is subjected to anisotropic consolidation 
at constant stress ratio, the direction of the strain increment vector 
may he represented hy a plastic potential ¥/hich forms a surface of 
revolution about the stress space diagonal. Prom this it follows that 
the three-dimensional strain behaviour for anisotropic consolidation 
can be established from a flow rule which may be determined from simple 
axisymmetric triaxial tests. It is shown that this flow rule lies 
close to a straight-line relationship which is defined by a single 
parameter (j) ' 

a/B = tan“^ (2.15) 

where 41 ' is the angle of shearing resistance , a is the angle subtended 
by the anisotropic stress path in (a' '^3 ^ stress sjace with 

resnect to the stress space diagonal, and B is the angle, sinilarly 
defined, relating to the strain increment vector. It is then shown 
that the -three-dimensional deformation behaviour durirg anisotropic 
consolida-bion can be ^presented by contours of equal strain increment 
ratio drawn on tloe octahedral plane. It is also shown that plane 
strain will result from any one of a specific family of anisotropic 
consolidation stress paths and this family forms part of a conic surface 
in stress space. These conclusions api^ly to soils which behave isotro- 
pically under an increasing isotropic s-bress. 
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In a later paper, Lewin (1973) considerably developed these 
concepts hy conducting constant stress ratio tests where the value of 
the stress ratio was changed to a new value during the course of the 
test, the stresses being then further increased at that new value of 
stress ratio. The particular concern was with the direction of the 
strain increnent vector. The results show clearly that stress 
history has a considerable effect on the direction of the strain 
increment vector and this effect is very persistent even with a 
substantial rise in the stress level. The observed plastic potentials 
for three stress histories have been compared and they appear to 
exhibit some form of 'kinematic* behaviour because it appears to 
translate with the stress state. Finally this paper offers two 
possible mthods of interpreting the results, which may be used in the 
prediction of stress-strain behaviour. The first method suggests that 
the plastic potential is elliptical in shape and symmetrical, possibly 
even in a-, , o’ sjace, about an axis that lies between the 

stress space diagonal and the original stress path. The second 
method suggests that there is a simple relationship between the 
direction of the new stress path a and the direction of the strain 

incremeTit vector g • 

Lewin (1975) suggests an extension of Roscoe and Pcorooshasb 
method. In.the first pirt of the paper, deformations are predicted 
for normally consolidated saturated clay tested in conventional 
triaxial apparatus. The effects of stress history and anisotropy on 
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the above lines are examined and the Roscoe-Poorooshashljanalytical 
model is modified to take these factors into account. It is also 
suggested that the three curves used in the Roscoe — Poorooshash 
model, viz , undrained stress path, plastic potential and stress-strain 
cu 3 rve for an undraineo. test can he related. It is then suggested 
that the Roscoe -Poorooshash method can he extended to deal with stress 
paths in ishich the three principal stresses can vary independently. 
Experiments carried out hy Hamhly (1972) in plane strain and Wood (l 975 ) 
in true triaxial apparatus have heen used to test the proposed model 
under three-dimensional stress conditions and the results compare quite 

favourably with prediction. Accordi^ to Lewin, his method" represents 
a useful advance on the Roscoe-Birland model. 

It is thus clear, that the semi -empirical approach as discussed, 
may provide an alternative and sound approach, at least at the present time 
(1975)0 Out of the models discussed. Wroth's ( 196 b) and Roscoe and 
Poorooshah's (1963) models appear to he better suited' for adaptation. 
Clearly Wroth’s model is more versatile as it can he used for predicting 
various stress paths, as comjared to the other model, which is limited 
on the wet clay side . 

2.4 TIME EFFECTS - CREEP 

Time effect are extremely important in the study of general 
stress-strain-time behaviour, as it will give an idea of the gain/loss 
of strength with time, depending upon the field problem, When loads 
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are applied to the clay strata, initially due to undrained conditions 
(drainage takes place slowly only after the dissipation of pore press^xre), 
soil exhibits creep. Later on, after the pore-pressuies are dissipated, 
drained creep takes oyer. Depending upon the field conditions of 
drainage and layer thickness, undrained creep may continue for quite 
sometime. Undrained creep has been the subject of study by many 
Tj-oikers, and a detailed review has been given by Edgars et. al. (l973)* 

2.4.1 Drained Creep Behaviour 

2. 4. 1.1 Drained Creep under k^-Condition 

Drained creep has been investigated by many woifcers, mainly from 
Oedometer tests. Mesri (l973), in an excellent review, has discussed 
the effects of many factors on the coefficient of secondary creep or 
compression (c^). Drained creep along k^ or different anisotropic 
stress ratios 'in triaxial has been studied by Barden (1969) , New land 
(1975)5 Dadd and Prsston (1965), Yamanou.chi and Yasuhara (l975)- 

The min conclusions arising out of these studies are; (i) Eor 
small stress ratios upto virtually remains constant beyond 

which it increases (Ladd & Preston, 1965) (ii) the variation of C ^ 
with p, at higher p values, is linear both corresponding to C^^y 
and'c^g (Yamanouchi and Yasuhara., 197 5); nonlinear for ,(Newland, 

1975) . (iii) creep ra,te (C^) as obtained from a triaxial test is 
■ generally higher t’mn that obtained from an oedometer, due to side 
friction in the oedometer. 
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These tests are Talid only when -condition exists in the 
field. However, generally, insitu conditions are non-k^ and hence 
the rates in the field are likely to be higher than the rates 
determined from an Oedoneter test or a k^-triaxial test. 

2.4.1 .2 Drained Creep under Fon-k Condition 

o 

Very little work has been done on this important aspect. 
Drained triaxial and direct -simple diear creep tests on clay soils 
have been reported by Vialov and Skibitsky (1961), Murayama and 
Shibata (1961, 1964)» Barden (1969)» ^felker (l969)> Bishop and 
Lovenbury (1969), Fewland ( l975),Poulos et. al. (l975)» Yamanouchi and 
Yasuhara (1975). ^ important contributions will be discussed. 

Murayama and Shibata (l96l,’64) have performed drained triaxial 
compression tests on isotropically consolidated samples of Osaka clay. 
Test results indicated a linear variation of strain with log time after 
the initial pore pressures had dissipa,ted. Creep tests on two stress 
paths were conducted (i) the conventional drained test (ii) -constant 
test. For q-constant test, C^^^ was found to remain constant with 
whereas for the conventional drained test, increases linearly 

with stress level upto a "yield value", after f/hich it increases very 
rapidly with stress level. At stresses higher than the yield value, 
the drained creep developed into creep lupture. This is one of the 
early investigations which showed the effect of stress path on creep 


rates . 
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Barden's (1969) study was concerned mainly witkithe conven- 
tional drained test. The logarithmic axial creep rate 
found to be independent of pressure increment ratio, height of the 
sample, mean effective stress and direction of previous loadings. 
Barden found that the stress ratio was the only factor which affected 


creep mtes most. 


aei 


was found to increase approximately linearly 


with the stress ratio. Barden mentions that the creep rates may he 
influenced hy stress path. 


Walker (1969) conducted Both triaxial and simple shear tests. 
The volumetric creep rate, was found to he independent of stress 

ratio, whereas the shear creep rates increa.sed linearly with the 

a 

stress ratio, agreeing with the findings of Murayama and Shih^ and 
Barden. However, can't retain the same value throughout, 

Because as failure appr^nches, the sample would flow at a very small 
volumetric creep rate. Thus ^av should decrease after reaching a 
certain value. Infact Walker's experimental points, show a tendency 
in that direction. 

Bishop and Lovenhury (1969) tests on the overconsolidated 
London clay and a normally consolidated Pancone clay from Pisa are 
prohahly the longest creep tests awailahle. The observed hehaviour 
differs considerably from the hehaviour described in earlier studies. 

A simple continuous variation between axial strain and log time was 
observed for only 6^^ + 20 days for the Pancone clay and 200 + 100 days 
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for the London clay. 

fhe " instahilities" which later developed suggested a funda- 
mental modification in soil structuiE to Bishop and Lovenhury. 

However, inspite of the very specialized equipment especially developed 
for this purpose, it can "be said that such instahilities could result 
from temperature chants or external vibration or due to physico- 
chemical changes in the sample . 

Edgers et. al, (l 973 ) point out that if instahilities are 
considered as a fundamental phenomenon, it will render the many 
simple logarithmic or power laws used to represent the time -dependent 
behaviour of creeping soils. 

The unloading tests (with decreasing) indicate slightly 
smaller axial strain rates than the conventional drained test. 

Newland (1973) has conducted q-constant tests mainly and have 
shown that the shear creep rate for this stress path is independent 
of the stress ratio. This agrees with the findings of Murayamai and 

Shihata (1964). 

But Hewland suggests a constant decrease in volumetric creep 
rates with increase in n . This does not agree with the findings 
of Walker. 

Yaraanouchi and Yasuhara (1975) have described the results of 
1 

a number of P-constant, drained creep tests and show a linear increase 
both in axial and volumetric creep rates with, the stress ratio n 
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However, the -voltimetric creep rate variation is not compatihle with 
the known fact that normally consolidated clays at failure starts 
flowing, at small constant volumetric creep rate. 

It is clear from the available data on drained creep rates, 
that, as of today (l975)j there is a lot of confusion in the variation 
of the volumetric creep rates with stress ratio. Also, only Bishop 
and Lovenlury and Murayama andlShihata gi-ve creep rates for two stress 
■paths on the same soil. Hence, there is a,n apparent need of 
conducting drained creep tests on a givm soil, along different 
stress paths . 

2 .4 .2 Rate Process Theory 

The theory of absolute reaction rates, commonly known as 
rate process theory, is one of the most commonly used models for 
describing the deformations of soils. The development of the theory 
assumes that flow units (atoms; molecules or particles) ate constrained 
from movement by energy barriers which separate adjacent equilibrium 
positions. Upon the application of an external load or stress, 
sufficient activation energy is supplied to these flew units to 
surmount the energy barriers. 

The three parameter equation finally suggested by Singh and 
Mitchell (196'^) iss 

I _ (2 .14) 
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where e = strain rate 

e = strain (axial, volumetric, shear) 

A ta i at t = t, and D = 0 (extrapolated value) 

a = slope of linear ]3ortion of In e vs deviator stress 
D plot 

I) = deviator stress, 

D = deviator stress causing failure at conventional strain 

max 

rate, (<^-] - 

5 = D/D 

' max 

a = aD . 
max 

t = tine after application of deviator stress 
reference tine 

1 

n = creep coefficient = absolute value of slope of (assumed) 
straight line portion of log e vs log t plot . 

Singh & Mitchell ( 1968) place great emphasis on the creep 
potential, 'm', which they consider to be a material pjroperty only 
slightly influenced by test conditions and the stress level. The 
parameter 'a* indicates the stress intensity effect on creep rate. 

The ’A* pa 2 ^ameter, although it does not represent an actual physical 
quantity, reflects the order of magnitude of the creep rate. It is 
in effect, a soil property reflecting the composition, structure and 
stress history of the soil. 

Singh and Mitchell state that numerous tests indicate that 
'm^is a material property only slightly influenced by test conditions and 
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stress level. Edgers et. al. (1975) feel "that there are insuffi- 
cient data for a variety of test conditions to justify this conclusion. 
It is possible that 'm’ my he affected hy stress history, stress 
system prior to shear, the degree of aging prior to shear, and the • 
stress system applied during shear" . 

The Berkeley model has been suggested to predict both undrained 
and drained creep behaviour. For undrained creep rates, the model 
has been used by many in-vcstigators (see Edgers et. al., 1973 fo^ 
details) . However, this model has not been used to predict the drained 
creep rates so far. There is thus great need to evaluate the three 
parameters from the results of drained test to check the universality 
of predictions as claimed by Singh and Mitchell. Also the dependence 
of these parameters on stress path should be assessed. 

2 , 4.3 Rheological Models 

The phenomenological approach is often used for quantitatively 
describing the behaviour of most engineering materials. A large 
number of composite rheological models have been rep)orted in the soil 
mechanics literature. Refer Edgers et . al.(l975)fo^ details. It 
a-^nears from the woik of many investigators, that although these 
models are u^ful analogies for describing the mechanics of soil 
deformatipns, they are both too complex and too approximate and limited 
for quantitative prediction of the actual stress— strain— time behaviour 
of m 8 .ny soils (Edgers, et. al., 1973) • 
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2 .5 SCOIE OP INVESTIGATION 

The preceding discussions bring out clearly the background 
and the trend of development of research in the study of stress- 
strain-tine behaviour of clays. In the light of the state of 
understanding on the behaviour of clays, the following aspects are 
considered in the present thesis. 

(a) Stress-strain behaviour of anisotTOpically consolidated clay 
along various stress path 

(b) brained creep behaviour of ani so tropically consolidated clay 

VOlYVoUS 

along unstress paths 

(c) Prediction -of the observed stress-strain-tine behaviour by 

: , a , model and comparison of the test results from predictions 

hy other available models. 



CHAPTER 3 


ekperimmtai. setup md oibst details 

3.1 GEUMAL 

53ae laboratoiy tests on undisturbed samples of soils are 
highly desirable to predict the insitu behaviour. But as the 
undisturbed samples are generally found to be non-uniform, and 
differ from each other, their use in a fundamental laboratoiy study 
is limited. Moreover, it is quite difficult to obtain good 
undisturbed samples. On the other hand, as the laboratoiy prepared 
resedimented soil samples are very uniform and similar to each other, 
the results of tests conducted on such samples can be usefully 
compared with each other to clearly define the observed behaviour. 
Moreover, any stress-strain theory iMiich is developed (this appears 
to be the trend in the seventies) requires for its validity, tests 
on uniform soil samples and it is only when the theory is able to 
correctly predict the behaviour under the most ideal laboratoiy 
conditions, it can be considered as appropriate and then thou#t 
could be given for its application to predict the complicated field 
' behaviour. In this investigation, a soft Indian marine clay was used 
Its properties along with the equipment & testing details are 

now described* 
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3.2 MATERIAL USED FOR THE STUBI 

(Qie ronoulded clay used in "this stody is Eann of Kutcb. clay 
procured from 3 inch dia tube samples from little Eann of Kutch 
area in Gujarat. The Eann of Zutch was a shallow aim of sea 
during pleistocene and now it is a flat depression inundated by 
the flood waters of many snail rivers draining into that area 
during monsoon and by tidal waters ■ during other seasons. The 
deposit in its natural state is nonnally consolidated. This 
marine clay is soft and contains 12 percent organic matter in its 
structure. Its other properties are: EL = 91^; K = 4-9^; clay 
fraction = 84-^; specific gravily = 2.71; activily = 0.58} k/X = 0.4. 

It contains illite, quartz, kaolin and ealcite. 

3.3 SAMPLE EREPAEATIOE 

The clay was thoroughly mixed with deaired distilled water 
and made into a thin slurry having a water content of about two and 
half times the liquid limit. This was stored in a glass container 

for tests. The samples from this slurry were prepared by sedi- 
mentation. Ei^t samples could be prepared at one time using the 
sampling bench ^oh was fabricated at IIT Kanpur wo ikshop. See 
photograph (lig. 3.1 ). li dia perspex tubes about 10 inch long 

were mounted erect, through 'O’ rin^, on stainless steel pedestals 
having an outlet as shown. A porous stone along with a filter paper 
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was kept over tiae pedestal. !I3ie sluny was poured into the tubes 
slowly, didviog out air by stirring the sluriy and sH^tly tilting 
the tube along with the base. iHie sluriy was allowed to consolidate 
under its om weight for a day. Porous stone and filter pi^er were 
then put at the top and left for a day. After this, the hanger was 
put above the porous stone and the sanple was allowed to consolidate 
for a day, !I)he loads were then put in succession in small increments, 
each load being retained for a day. Hie loading was stopped when the 
sample finally was consolidated under 3 psi pressure. Samples, so 
formed, were then pushed out slowly from the tube and cut in 3 inch 
lengths by means of a thin wire saw and then mounted on the triaxial 
base as detailed below. 

3.4 TEST EQdlPMENT USED 

Pig. 3 .2 shows the photograph giving details of the major part 
of the experimental setup used. 

3.4.1 Triaxial Cells 

Norwegian type triaxial cells were fabricated here. The 
frictionless piston assembly with rotating type bushing procured 
from the Norwegian geotechnical institute were fitted to the cells. 

The cells have a pedestal of 1.5 inch diameter and have two outlets 
at the bottom for volume change and pore pressure measuromaits. 
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3.4.2 Yolume Gauges 

To measure small changes in volume with accuracy , u-shaped 
volume gauges were fabricated here from unifom thin bore, thick 
walled ^ass capillaiy tubing. Ihe ends were tightly plugged with 
hollow tapered needles fitted into the glass ends with araldite. 
Glass tubes of various bores were used to enable the measur^ent of 
volume change to the accuracy of 0.0028 cc to 0,008 cc. Ihtrapped 
air bubble was used as an indicator in the volume gauge. The 
volume gauges were mounted on wooden boards with cm scale fitted 
and were kept horizontal during the tests. The back pressure was 
applied to the samples through the burette and was maintained 
’fchrou.giiou'b 'tiiB tiBsi/* 

3,4.3 Self Compensating Mercury Control ^stem 

This system was used to apply and maintain the cell pressure 
md the baoh pressuie to the eenple throughout the duration of the 
test as described la Bishop & Henhel (1962). 

3,5 SAMIIiE MOUNTING DETAILS 

'■ » 

The triaxial base was connected to a burette (50 cc) 
and boiling distilled , water was flushed through the pedestal and 
the bottom tubings of the base to drive out the air from the 
system. A thin rubber tube coated with grease was used to 
enclose the pedestal for housing the porous 


stone and also to 
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prerent the meiuhraae enclosing the sanple fron getting punctured at 
the pedestal base. Boilei porous stone was kept over the pedestal 
and the boiling water was allowed to flow throu^ the porous stone. 
Six filter strips each l/4 inch wide were tucked in the housing 


between the porous stone and the rubber tube. fflie soil simple cut 
into 5 inch length by raeans of a wire-saw was slowly set in place 


over the pedestal. mter paper discs (vtoatnan no. 1 ) were used both 
at the bottom and at the top of the sample. Care was taken to 
wipe off ary excess water appearing over the bottom filter paper 
before transferring Ihe sample over the pedestal. mter strips 
were put in position around the sample and a perspex cylindrical 
cap having a hole in the centre along with a stainless steel ball 
to house the piston was kept along with a filter paper at the top. 

Two thin rubber membranes soaked earlier in water were then slipped 
over the sample carefully one by one. Three to four *0* rings were 
used at either end to seal the naibranes to the sample at the ends. 


Oare was 


taken to diiye out the aiiln between the eaaple ahd the 


nenbrane. The trlaxdnl cell oovar was theh put and ti8».benad «. the 
base with nuts. The cell was filled with dealred distUled waten. 
Ihe top few inches were filled with tr«>efomen oU till it started 
conlhg out of the air release TOlve at the top *loh was then 
irmedlately plugged. The piston was then set in position and clanp. 
at the top. The burette connecting the cell bottom tubing was then 
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. . Ko+wpen the sample and the 

lowered so that water remaining ^^^ette. 

tte oeU pressure Is Pteu appliad. 

,.e back PEKSOB. COKSCmTIOB 

^sr sa.pxe »ss .ouarea as aescraBea, « »s .Meo.ea 

■ sfn the help of self eompensatrhg 

to an alreuhd pressure of 5 par » 

.eroury cohtrol ana »s allotaa to cchsoliaate for 

measOTaaetits were mode with the help of 5° o.o. 

^o 50 O.O. hurette then aisoouneotea ana instead the 

L .;+v, +'hp TT— tube burette 
m vinttom were connected with the u 
of the cell bottom were v. 

hawing an entrapped arr 

the oonnectlcn. ®>e cell pressure was slowly me 

tne coiiii'=^ -,„„,T,r 'hiiiltup and 

crA -nsi was slowly DU11K >' 

and side by side a bach pressure 

applied to the se^ple yia the burette throng -other 

- 

control system. ^e ,„and to be sufficient for 

30 psi for a day. One day p 

r> +mr clay (Varadaraoan, 

AtriAiete sataration for tbis cisy ^ 

CS th^ put over the piston A cell assembly so 

alumnium hanger » 

that this ,ust balances the upthrust on the p 
- B3nger to record me vertical strainsCcee Pig. 3 .B). 



41 


4 . -irt T-atio frcia "tiie isotropic 
lo reach a desired anisotropic ratio £r 

rent test was oondnoted by reducing the 
stage, a one stage I-constant test wa 

d nres^are by a calculated anoudt and by increasing 
alround pressure 

re-rtiosl pressure by double the «unt so that 

, . !l ^ ) St^s constant at 5 psi- 

v.^ " 3 

maintained for a day. 

Heting reached a desired basic stress state (d/p- 0.1, 

0 , 0..) bbreu^ 1 -constant test, anisotropio consolidation was 

.inns each anisotropic line so that a 
carried out in three steps along each ^ 

u ~sA T%vi_S W8.S Olli# 

mean pressure o£ about 23.3 psi was 

t, increasing the cell pressure o' s hno« amount via e 

constant pressure systan and side by side, increasing the vertical 

^ c. by a precalculated ecsount by putting additional waists 

cu tbo hanger, so as to maintain the desired stress ratio Cg/P • 
oce d,^ was allowei for each incr^nt alohg «ie anisotropic 

Having reached the desired pressure of 23.3 P 

cohsolidation llhe. Having r ^ _ 

,m -FnT all subsequent drained tests, 

which is the starting pressure for all sub qu 

•if; -hn 94 hour time before the staid: 

the sample was salowed another 16 to 24 hour 

• tit-ress states corresponding to q/P 
of shearing. fwo basic stress 

... Only one test was oonduotai from 

ond 0.4 have mainly been used. Only 

the baslo stress state of q/p - 
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5.6,1 Unloading to Produce lastly Overooasolidated Samples. 

A few tests were conducted from a lightly over-consolidated 
state. M OCR of 1.25 was achieved by decreasing both e* & 
such that the ratio q/p* = 0.4 was maintained, 

3,7 DEIAIIS OP DRilHED TEST. 

Prom each of the two basic stress states (q/p '=0.2 and 0.4), 
where the starting point corresponds to a mean pressure of 23*3 psi, 
the samples were subjected to various stress paths (probes) in 
various directions covering almost the entire stress domain. The 
various stress paths numbered A,B,C. ..etc. are shown in Pigs, 

3 . 3 (a) and (b). Por these probes, vertical strains are indicated 
by the dial gauge and the changes in volume by the U-tube burettes. 
Rmaii changes in the alround pressure over and above the back pressure 
were measured by means of a differaatial mercuiy manometer. 

3 . 7.1 Definition and Magnitude of Stress Probe 

As the magnitude of the probe is an important factor in stress- 
strain measurements and in order to be able to correlate the strains 
from various tests, the following definition was adopted [Lewin and 
Burland (l970)] . basic stress state from each anisotropic 

line was defined as / in (o' “ ) space. This 

represents the length 01 in Pig. 3.3(a). The magnitude of the stress 
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probe / (Aop + 2(40^)= „ao decid ed as 20 percent of the basic 
stress state i.e., 0.2 if ^ ^ 

Strain c^irTe for each probe, the total magnitude of 20 percen t was 
applied in four equal increments of 5 percent each i.e. 0.05/0’^+ 2^‘ 
each step being allowed for a day. Ohus four days were required to 
completely apply the Axil magnitude of each probe. ae pK>bes 

are shown in fig. 3.3(a) maxfced lA, IB,. ..etc. Ihe sme probes in 
q-p' space are shorn in HLg. 3.3(b). 


3.7.2 Unloading along Various Probes 


In order to observe the behaTlour during unloading along each 

Of these probes, unloading was done in four equal steps along each 
stress probe. 


3.7.3 %>ecial Pests 


Ito special tests (numbered I * li) have been conducted from 
the basic stress state of q/p ' = 0 . 4 . A number of- stress have 

been incorporated in each. 

-Another test was conducted where the sample after being 
consolidated anisotropically along q/p' =0.4, was left for 20 
d^s for delayed consolidation to take place. It was then sheared 
along the conventional (a) stress path. This test was perfoxmed 
to simulate the actual field behaviour, as the soft marine cl,^s insitu 
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are generally found to possess a light degree of overcons olidation 
because of delayed consolidation. 

In order to have an idea of the preconsolidation pressure 

(Iq) developed during the delayed consolidation, a consolidation 

test was conducted to determine P -value for the soil. 

c 

lone of the tests were conducted up to failure except for the 
one conducted frcm q/p’ =0.1 stress state. 

3.8 TIME READINGS AND TEST CONDITIONS 

To have an idea about the drained creep behaviour of the "marine 
clay along various stress paths, dial gauge readings and the bubble 

V 

movement in the burette were observed at different time intervals for 
each stage of the probe. Inspite of al 1 the care, measurements of 
volume changes dxiring drained creep, are likely to be less accurate . 
than the corresponding axial strains, since considering the small 
magnitude of the volimae changes involved, such factors as leakage 
past the membranes, *0* rings etc. may be significant for these tests 
extending over fifteen days. Roulos’s (l964) detailed investigation 
un the control of leakage in the triaxial test shows that for the 
equipment used by the author in this investigation, the mai mum 
expected leakage rate could be tidcen as 0,00046 percent per day 
(althou^ this figure is on the higher side). 
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ill tests were conducted in an airconditioned room where the 
temperature fluctuations were pst laacii, barring a few sudden power 
break downs, vdiich were unavoidable, Ho correction for filter 
paper drains and rubber membranes was made to the measured values. 

Ho appreciable non-uniform deformation of the samples was observed 
due to the relatively small probes used, apparently ^owdng tiiat 
the end restraint effect is almost ne^igible. It is felt that 
as all the tests were conducted under exactly similar conditions 
and as this is a comparative sludy, the behaviour along vaiibus 
stress paths to be presented in the subsequent chapters, at least 
qualitatively, is likely to remain unaffected, althou^ quantitatively , 
laie results may be affected to some extent by the aforesaid factors, 

^ Water content determination was generally done bolh at the 
start ami at the end of the testv Ohe size of the sample during 
consolidation and shearing was corrected by assuming the cylindrical 
shape of the samples thrdu^out the test. 
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STEESS-SIEAIU BEHA7ICUE OP MI SO TROPIC ALIP COESOLIMiTM) CIAT 
4,1. GMEEAL 

3Ira.in.ed triaxial 1*631:3 liave been eonducted along various 
stress probes from two basic stress states q/p' = 0.2 0.4. Hie 

magnitude of the total probe was taken as twenly percent of the 
distance of the basic stress state from the origin. R>ur equal 
increments of five percent each were applied to the sample. Each 
increment was kept for one day. Hie sample was then unloaded back 
along the same probe. tests along different stress paths from 

a lightly overconsolidated state were also conducted. Hie results 
of these tests along va.th two special tests and a complete conventional 
drained test from the basic stress state of q/p* = 0.1 have been 
presented in this ciiapter. Stress— strain— volume change behaviour® 
both during loading and unloading for these tests have been given. 
Various moduli have been evaluated using the theory of elasticity 
and the effect of stress path on modulus is discussed in detail. 

4.2 ISOTROPIC MD ANISOTROPIC C0NS01I33ATI0N 

One isotropic consolidation test, a number of anisotropic 
consolidation tests along two basic stress states (q/p’ = 0.2 & 0.4) 
and a test along the basic stress state of q/p* = 0.1 were conducted 
on resedimented samples of the cl^. Hie slurry used for preparing 
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the samples had a water content of 230 percent (about tvro and half 
times the liquid limit). !Pig. 4.1 shows the virgin consolidation 
and the SArelling curves for isotropic consolidation test. Hie 
consolidation and swelling indices are 0.359 and O.lC^ respectively j 
h/x ratio of 0.304. Dotted lines in the figure show the 
results of test conducted by Varadarajan (l975) on the same clay 
prepared from a sluriy having water content of about 150 percent - 
X & fc values obtained by Varadarajan are 0.271 and 0.115 respectively 
(k/X = 0,425). !Ehe difference in X— values is about twenty five 
percent for the two cases. Variation in k is small. Uiis variation 
in X-values is in order since the dependence of compressibility of 
a clay on its natural water content is well known. Lewin and 
Burland (1S70) quote some variation in X due to the difference in 
sluriy used. Average values of X and k (x = 0.3 and k = 0. l) are 
used in the predictions by various models as discussed in chapter 6. 

Sig. 4.2 shows the anisotropic consolidation test results 
in the form of co- log p plot. The isotropic consolidation and 
swelling lines from Pig. 4.1 have also been included in the figure 
for comparison. The failure line corresponding to n = M = 1 , has 
been drawn through the points obtained from various tests by 
Varadarajan on isotropically consolidated samples. The result of 
the conventional drained test from the basic stress state of 
q/p’ =0.1 is also shown. The failure line as shown, appears to be 
enclosing most of the failure data available for this clay (except 
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some points from 0 & D stress paths). 

Points throu^ which n = 0.2 & 0.4 lines have been drawn, 
correspond to an average of atleast fifteen tests, n = o.l line has 
not been shown as only one test was available from' this basic stress 
state. !Ihe slope of the failure line is approximately sixteen percent 
flatter than the slope of the virgin compression line. Slopes of 
other lines are in between and have been shown in the figure. 

fhis is in contrast to the approximated parallelism of 
these lines as has been reported by many workers, for example, 

Henkel & Sowa (1963), Roscoe and Poorooshasb ( 1963 ), LeLievre (196?), 
lewm & Borland (1970). GSie variation in X values with p as observed 
by them was not much and amounted to a scatter & as such the assumption 
that X is independent of n was made. In a recent study by Hewland (l975) 
on kaolin, shown in Rig. 4 . 3 (a), it is clearly observed that the 
slopes of these lines are different. Ihere is a difference of about 
eleven percent in the slopes of p = 0.78 line and the isotropic line. 
Hewland shows a difference of 15 percent between Ihe slopes of p = 0.9 
line and the isotropic line. M is 1.1 for the soil used by Hewland 
and as no failure data is available, the maximum variation in ■the 
slopes of isotropic & failure lines has not bear given. Hewland ‘s 
work is in agreemoat with the present finding. 

Rig. 4 . 3 (b) shows the directions of the total increment 
vectors (e/v) along each anisotropic line. Althou^ there is a 

1.!.',' '^FUR I 

‘ 7 "': mm 
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slight; variation in the slopes of the vectors along an anisotropic 
line, essentially the slope stays constant 8c the vectors are parallel. 
This broadly corroborates the findings Of Soscoe and Joorooshasb (l963)y 
leliievre (l967)y lewin & Burland (1970)* A detailed discussion on 
anisotropic consolidation tests will follow in Chapter 6. 

4.3 P^-VAIUE mTESMIBATIO'E MCM OEDCMEIEE TESTS 

lb get on idea of the reserve resistance which the clay j 

can develop, if allowed to. undergo delayed consolidation and to 
correlate the behaviour of the lightly overconsolidated samples with 
the field behaviour, a consolidation test was carried out. Jig. 4.4 
shows the results of this test. Ihe sample was subjected to usual | 

increments of load upto which corresponds to a pressure of 

2 . ^ 

2kg/cm (the effective major principal stress at the start of shearing). J 

It was then allowed, to undergo delsjred consolidation for a peidod of i 

f 

twenly days. Pressure was then increased in j steps till the [ 

expected P^-walue was reached. Regular consolidation increments were I 

then resumea from *f'. Ocisagrande construction was done to obtain J 

the P -walue. Details are given on an enlarged scale in the inset i 

■ ^ I 

diagram. for this clay is 1.5 for the twenty day rest period. 

This is in line with Bjerrum^s (1967,1972) findings and suggests 

■ I 

ii® 

that this clay will be able to withstand an additional pressure 
^ ^ 0 ^^ without undergoing much settlemait fbr pressures upto 

I^c* Soft marine clays in field undergo secondaiy consolidation for 
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thousands of years and develop a reserve resistance. Due to this, 
the oDrmallly consolidated soft marine clays behave as li^tly 
overconsolidateu , thus indicating that the insitu stress-^sti^in 
behaviour can be altogether different than what would be obtained 
from tests on normally consolidated samples of the cl^. !i?his 

m 

aspect is describei later In this chapter. 

4.4 EFFECT OF THE MQTITUDE OF SffliE PIOBE OH STR4IH SFSPOHSE 

As mentioned in chapter 3j the magnitude of the probes in 
this investigation vsas assumed as twen'ty percent of the distance 
of the basic stress state from the origin in order to have the 
same length of the probe in the stress space. Figs. 4.5(a) & (b) 
show the results of F stress path tests from the tTO basic stress 
states. Stress path F is the unloading path along the anisotropic 
line. ’A* is the starting point and ABGDE shows the response obtained 
from the tests lidaere uhe full magnitude of the probe is given in four 
days. AF is the response obtained by giving the full pirobe in one 
step acd then recording the strains after four days, fte conventional 
isot3?opie swelling cuive is drawn thrcu^ A (ag) for comparison. The 
slopes indicated by k have bear listed against each line. Hie 
maximum variation in k is about nine percent. Hie points B, 0 and D 
in Fig. 4.5(a) and point B in Fig. 4.5(b) show that a decrease in water 
content is obtained for these stages, evoi though F is an unloading 
probe. This is quite typical of the materials which have very 
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sljrong meiEOiy (high creep potential) and as one dajr rest wais allowed 
before applying the probe ^ the sample has a tendency to creep in the 
same direction before it gets a feel for the probe* The typical 
Yariation ABODE shown in the figure is similar to the Tariation 
postulated by Poulos (l964). Another aspect, besides the creeping 
tendency of the material, which has affected the strain response, is 
the magnitude of the probe. The total strain response (recoveiy) 
in four d^s given by ABODE is f« less than that of the large probe 
given by AE# Leonards and Eamaiah (l959), observed the same behaviour 
in loading consolidation tests* leonards Ec Eamaiah ^s work was done 
under conditions of zero lateral strain, where the stress path for the 
stress increment forms a continuation of the main consolidation stress 
path* On the contrary , the tests described in this investigation 
are aloiig probes that represent a definite change of direction for 
the stress path* Mg* 4.5(c) shows the effect of the magnitude of 
the probe on the strain re^onse observed by Lewin & Burland (1970) 
for stress path B( S =249^) test conducted on a material which had 
very low creep potential* Erom this, it can therefore, be argued 
that the effect as observed would vary with the stress path, but the 
magnitude of stress probe is sin important factor in determining the 
strain pattern in these tests'. 
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4.5 SmESS-STMIN-VOIUMS GHAF® GHARAGTERISIICS K)E lORMALET 
GOUSOIIDAIED GIAI 


Hie various stress paths along which tests have been conducted 

are descrihed in Eig. 3.3 (chapter 3). Details of tests are given 
below. 


4.5.1 Special Tests 

Two tests were conducted which incorporated more than one 
sti^ss path. (Siese tests were conducted frcm the basic stress state 
of q/p' = 0.4. In one test (Special test 1 ), the sample after 
being anisotropicaUy consolidated along q/pi =0.4, was sheared 
along stress path D and was then unloaded back upto the starting 
point (basic stress state). It was then sheared along stress 
path (which forms a continuation of the anisotropic line), Tha 
magiitude of stress probe was adjusted as per the definition 

given in Eig. 3.3. Sig. 4.6 gives complete details of the qjecial 
test 1, whereas Eig. 4.7 shows the axial and voltimetric strains for 
the stages after the anisotropic consolidation. Eig. 4.6 shows 
that the stress-strain curve for E^ stress path is not a continuation 
of the anisotropic consolidation path, as the measured strains are 
much less due to the small magnitude of the probe and also due to the 
different stress historsr( loading & unloading along D stress path) 
the sample has experienced before. This confirms partly the conclusions 
of section 4.4. During unloading along stress path D, volumetric 
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strains continue in the positive direction. Test results of P 

1 

stress path are compared with other stress paths later. 

lig. 4.8 shows the details of special test 2. In this test, 
after the initial anisotropic consolidation of the sajiple, it is 
subjected to stress path (q-constant) and then unloaded back to 

reach the basic stress state. It is then unloaded along the anisotropic 
line (e stress path) so that the sample hcs an OCR of 1.25. Erom this 
lightly overcmsolidated state, the sample is then subjected to shearing 
along the conventional drained test ( A stress path ) anf? unloaded 
back to reach the starting point on the anisotropic line. P-constant 
unloading test was then carried out. This test encompasses a number 
of stress paths both in the loading & tinloading stages. 33ae unloading 
behaviour is interesting and is separately discussed in this chapter. 
Ihere is no recovery in the volumetric strains on unloading. Stress 
paths E^, indirect) and a( 0CR = 1.25) are compared with others 
subsequently. 

4.5.2 Test from the Basic Stress State q/p’ = o.l. 

Eig. 4.9 shows the stress— strain and strain volume— change behaviour 
for stress path A. This is the only test conducted from this state, 
iis this test was conducted in the later stages viiien the originally 
prospered slurry was over, this sample is likely to differ slightly 
from the samples of the other series. Dotted lines in the figure, give 
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the results of the conventional drained test by Varadaraj an, conducted 
on isotropicaUy consolidated samples of this clay* Tha two curves, 
show approximately similar behaviour* This is expected as the basic 
stress state q/p» = o.l is close to the anisotiopie line* 


4 .5 #3 » 


Results of Tests conducted along various Stress 
the Basic Stress States q/p* = 0*2 & 0*4; 


Baths from 


These tests fom the main set of tests conducted in this investi 
gation. Pigs. 4.10 and 4.11 give the comparative stress-strain volme 
change response of various stress pathe conducted from the two basic 
stress states. Inset diagrams in the twe figures give details of the 
stress paths whose strains are comparatively smaller and cannot be 
accurately read & compared along with others in these figures. The 
stress-strain curves are similar for the two basic stress states. 

(indirect) test is discussed in Pigs. 4.6 & 4.7 whereas md P 

(indirect) tests are discussed in Pig. 4.8. Rjsitive volume changes 
show compression of the sample. Stress path P tests were compared 
in other form in Pig. 4.5. The different responses observed for P 

tests in Pig. 4.11 are due to the different histories the samples 
had acquired, 

Biese tests take about 10 days upto the final stage of shearing 
for different stress paths. Assuming the maximum possible leakage 
rate [Poulos ( 1964)1 of 0.00046^ per day, the expected leakage 
for 10 days period would then be a0046^. This leakage rate, if , 
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assumed for these tests, rould accordingly affect the voliometric 
strain response. The measured volumetric strains for loading 
stress paths, such as will reduce after correction for 

leakage, vdaereas for unloading stress paths, such as C,]},E,F,G, these 
will increase. Again, due to the ^^creeping tendency^^ of this cl^ 
and due to the small magnitude of tte probe in the initial stages, 

a delayed stress-strain response is observed atleast for the first 

* , 

two stages along each probe. 

B and stress path tests have special significance, as the 
former is a pure shear test ani the latter a consolidation test from 
an anisotropic line. It is evident from the strain response obtained 
for these two tests, that volumetric and shear strains are observed in 
each of the two tests, thus confirming the dilatant nature of the soil 
behaviour. 33ais observed behaviour is incompatible with the elastic 
theoQT concepts where there is complete uncoupling of the hydrostatic 
(spherical) components of the two tensors from the deviatoric ccmiponents. 
Strain response for other stress paths (between B and ) are in between 
the responses observed from B and tests individually. It would 
thus appear interesting to predict the strain response for the stress- 
paths like A, ( between B & E^ ) by combining in seme form the 
responses obtained from E^ & B stress paths individually, fhe similar 
prediction, in oliier sectors spears feaisible. This will be discussed 
in detail in Chapter 6. 
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A comparative study of the ■volumetric, shear, axial and lateral 
strains obtained from various tests (for the four stages) has been 
shovaa in Hgs. 4«12 & 4.13» The comparison of axial and vol'umetric 
strains (for the final increment) for the two basic stress states is 
shown in ELg. 4- 14. Sbr volumetric strains, there is a ^mmetry 
about 6 = 270°, which corresponds to the conventional drained test 
(the direction of maximum change in ap; whereas, for axial, shear 
and lateral strains, the symmetry is about 6 = 246°, which corresponds 
to the stress path B test (pure shear test). This symmetry is more 

marked for tests from the basic stress state of q/p’ = 0.4 given in 
Hg. 4.13. niiere is not much significance in the direction of the 
stress probe which gives maximum strain response, as th-i a could be due 
to the increased stress ra'tio reached depending upon the stress path, 
besides the magnitude of the probe. ELg. 4.13 shows, in addition, 
constant p lines (shown dotted) which actually describe the observed 
strain pattern on the lines just discussed, Eig. 4. 14 indicates that 
the axial strain response is higher, in general for the tests from the 
basic stress state of q/p’ = 0.4. The volumetric strains are not very 
much different for the two basic stress states. Hie observed pattern 
of strains is similar to lewin & Borland (l970). 

45 .4 Observed Lateral Strains and estimation of K 

o 

It is veiy difficult to get the stress probe directions which 
give zero lateral strains from the figures. for this clay can. 
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however, be indirectly assessed frcn the results of anisotropic 
consolidation tests by observing the axial and volumetric strains- 
in these tests, ELg. 4.3 (c) shows these results. Besults of 
tests along basic stress states of 0.1 & 0.2 gave ratio more 

than 1, wheireas, for the basic stress state of 0.4, this ratio was 
less than 1, Hence, has been obtained by interpolation as 

shown. Estimated for this cl^ is 0.685. has been 

discussed in detail in Chapter 6. 

4.6 STEESS-SmiF-VOiniE CHMGE. CHARACTERISTICS EOE IIGHTEr 

OVER COIISOETDATED CLAI • 

Test results of stress paths A, B & C fromali^tly over- 
consolidated state (OCR = 1.25) are described along wi1±i a special 
conventional drained test conducted on a sample, which was allowed 
20 day "prior" creep. 

Tig. 4.15 (b) compares the stress-strain-volimie change behaviour 
for the three stress paths. The order of the curves is similar to the 
one obtained for corresponding tests on normally consolidated clay. 
Stress path C gives negative volumetric strains (expansion) as 
compai*ed to other two, which show contraction in TOlume* Hie curves 
show that initial tangent modulus for G stress path is much hi^er 
than that for B stress path. Similarly^ it is much higher for B 
than Am !I3ie test for B stress path indicates that during the last 
increment^ as the stress ratio was closer to the failure value, 
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undrained failure took place, This coirresponds to t\ == 0«93# Hie 
last inorenent should haye been applied slowly to avoid this. 

Figs, 4,l5(a), 4«16(a) & 4, 16(b) show a comparative study of 
the stress-strain behaviour of normally & lightly oveixonsolidated 
samples for different stress paths, lightly overconsolidated 
stress— strain behaviour is altogether different* Figures clearly 
indicate that the drained modulus of a lightly overeonsolidated clay 
foe a given stress path is much more than the corresponding value for 
the normally consolidated clay « In order to correlate the behaviour 
of li^tly overeonsolidated samples as described above with the relevant 
insitu beha.viour^ the special conventional drained test results (for 
20 day aged sample) are also shown in Fig, 4* 16(a), It is apparent 
from this figure, that the tTO stress— strain curves (a stress path 
from UGR = 1,25 and from 20 day aged sample) are close to each other, 
thus confirming the viewpoint that a good idea of the insitu behaviour 
(atleast qualitatively) of a soft marine cl^ can be had from tests 
on lightly overeonsolidated samples. The reason why the special 
drained test shows a stiffened stress— strain response is obvious from 
the work of Bjerrum (l967)* Fig, 4,16 (a) also shows an ^indirect ^ 

A stress path test (see special test 2), Ine stress— strain curve is 
different due to the different stress history experienced, 

!I3iis study on li^tly overeonsolidated samples gives substantial 
weightage to the concepts provided by Parry & Hadarajah (l974), who 



have described undrained tests from various OCR values (in the 
li^t overconsolidation range). 

4.7 BEHAVIOUR lORING UlTIiOAI)IIT& AWllG- VARIOUS STRESS BATHS 

^After probing along different directions , the samples were 
unloaded to get an idea about recoverable strains (volumetric & shear) 
associated with various stress paths. A knowledge of the actual 
recoverable strains helps in assessing the predictions based on the* 
theory of plasticity (for example, work of Roscoe & Co-Wo3i:ers). 

Eigs. 4.17 through 4.20 compare loading-unloading curves of stress 
paths A,B,G, respectively for the two basic stress states, whereas 
ELg. 4.21 gives. curves for stress path E^ (for the basic stress state 
of q/p' = 0.4). loading & unloading curves for A anit B stress 
paths for the lightly overconsolidated samples are given in Pig. 4.22. 
Shear stresses have been plotted against shear strains to know the 
recovery in shear strains during unloading. The unloading portions 
of the stress— strain-volvune change curves for various stress paths 
have been compared in Eigs. 4.23 and 4.24 for the two basic stress 
states. 

It can be observed from the figures discussed that there is 
no recovery in the volimietric strains. On the contra:ry volumetric 
strains go on in the same direction. There is small recovery in 
the shear strains for the last stages of the probes. It can, 
therefore, be argued that for small probes (the first two stages of 
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each stress path), the assumption of irrecoverable shear and 
volumetric strain is valid. Ihe recovery of strains is apparently 
a function of the stress level from where unloading is carried out. 

It is, however, obvious that the above assumptions are not valid if 
unloading is done to very low stress levels. These also substantiate 
the findings of Lewin & Burland's (1970) study on small probes. 


4.8 EVAIIJATIOEi OP ViEICUS DRAINED MODULI PROM 'FUR TRIAXIAL TEST 
RESULTS USINfr THEORV- OP ELiSTICITf 

With the development of finite element technique, it has 
become feasible now to analyse problems associated with footings, 
retaining structures, excavations etc., taking into consideration 
the nonlinear stress path dependent stress-strain behaviour of each 
soil element. It is shown in this -eh^ter that the stress-strain 
relationships are higjily stress path dependent. The various moduli 
required for an analysis using the finite element technique can be 
evaluated using the theory of elasticity. 


Hae theoiy of elasticily equaticxis for an isotropic homogeneous 

material relating elastic constants with stresses and strains can be 
written as : 


(Ao' + 2AaM (AoI - Ac’) 

E’ = n — 5 1 3 

no«^Ae^-2Ae^; + Ac* Ae^ 


Ao^ Ae^ - Ao* Ae^ 

- 2Aej) + Ao^ Ae^ 


(4.1) 


(4.2) 


&» = 


Ac* - Act' 

- t J 

2(Ae^ ~ Ae^ ) 


(4.3) 
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Aa' + 2Aa’ 

TTl _ * J 

- 3(Ae^+2Ae^) 


(4.4) 


These relations are derived on the assimption that elastic constants 
do not change during the infinitesimal stress and strain changes. 

Where,. E’ is the effective Young's modulus 
v' is the effective Poisson's ratio 
Gr' is the effective shear modulus 
K* is the effective bulk modulus 

and Aai Q^re the changes in major and minor effective principal stresses 
1 i 

respectively 

Ae.j and Ae are the changes in major and minor principal strains 
respectively 

Ae^ is given by Ae^ = -1 - Ae.^ ) (4,5 ) 

AV 

where ~ is the volimietric strain during shear. 


Using equations (4.l) through (4.4), the values of E', v', ff* 
and K' for any stress path can be evaltated. Table 4.1 gives these 
relationships . 


Tables 4.2 and 4.3 list the values of the elastic parameters 
computed from experimaatal values for varioiis stress paths using 
Table 4.1. These are the initial tangent moduli values corresponding 
to Ihe second stage of each stress path (P' = 23.3 psi = constant at 
the start of shearing for all tests), ill these res^llts correspond 
to the basic stress state of q/p' - 0.4 (this, being close to of 
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the elay , is more relevant). IQie elastic parameters for iso tropically’' 
consolidated san^^les of the cl^ are listed in Table 4.4. 


Bie variation of the elastic parameters, E*, G’, v’ and K‘ 
with stress path, both for normally and lightly overconsolidated 
samples, has been shown in Pigs, 4.25 and 4-26. It is clear ffom 
these figures and the tables that the drained moduli are highly 
dependent on the stress path. There is a difference of more than a 
log oycle in the moduli values for different stress paths. lastly 
overconsolidated samples show very high values of the parameters 
(E*, G', K*) as compared to the corresponding values for normally 
consolidated samples e. g. , for A stress path, 


E'(O.C.O.) , , .... v'Co.C.C.) 

E’iJ.C.O.) - 5-5 ■v'iNioio.) 


0.36 . 


Comparison of Tables 4.2 and 4.3 with Table 4.4 shows that the 


difference in the elastic parameters for 'tiiis clay with the field 
consolidation (^q) history is mariced as compaied to the behaviour 
observed for samples with isotropic consolidation history. 


It can, therefore, be argued that relevant moduli values 
(with k^“Consolidation history and light overconsolidation) must be 
used in the analysis of any stress-reformation problemj otherwise 
the predictions are going to be erroneous. Biis confirms the findings 
of B;jerrum (l973). Parry & Nadarajah (l974), Ladd (l964j966), 

Simons and Som (l969), Simons (1972), Vaid & Campanella (l974), 

Berre and Bjerrum (l973). 
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4.8.1 ^om^ous Behaviour of the ifoduli Parameters for a 
w Stress Paths using 25ieoiy of Baasticily 

It is evident Irom tile results presented in Tables 4.2 
through 4.4 that InadnisBlble values of the elastic eonstants 
E‘. v and K' are obtaluai for stress path B; and v', (}■, gi fo^ 
stress paths 1 4 B,. a. appreciate this anonalj for these stress 
paths, it is necessary to recall that the formulations given in 
eiuations 4.1 through 4.4, are for ideal elastic solids for .hloh 
volume change due to chtnges in deviatorlo or shear stresses (,) 

IS aero and aU volume changes are due to changes In volumetric 
or mean stress (l') component only. On the contrary, the results 
presented in Pigs. 4.7 4 4.8 indicate that the tota volume change 
is due to changes in both shear 4 hydrostatic stresses. Ibr B 
stress path (which is a pure shear test) or those in its vicinity, 
the changes in B- are either sero or very small, and most of the 
volume change is primarily due to changes in shear stress (q). 
Similarly, for stress paths E and E, (which are q-oonstant tests) 
or those in their vicinily, the changes in q are either sere or very 
small, and most of the shear strain is primarily due to changes 
in mean stress I'. Since equations (4.1) through (4.4) do not 
account for volume changes due to shear stresses or shear strains 
due to hydrostatic stresses, the use of these equations lead to 
inadmissible results. Brts aspect is discussed by Yudhbir et. al. 
(1975). It 13 suggested that for B stress path, v' could be tahen 
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as aa average of v '-values for A n + 

J.u>.s lor A and C stress paths. E' and K' can 

then be determined from the relations : 


apd 


E* « 2G' (l + v') 
E» ;= 2E' (1 - 2v') 


(4.7) 

(4.8) 


S' .an be aubstiluted in aj- (4.7) ftcn Table 4 . 2 . 


Ibr stress path , assessment of v> becomes a problaa. 

Theot. CT elasticl^ glees a talus ot 0.5 (talia for undrained 
ease). However, seeing the variation of v' with a in Mg. 4.26, an 

average value of v . 0.4 could be ass»sd. E' can then bo obtalnei 

using Bj. (4.8 ) (hi in pmg aquation can be put from Table 4.2). 

It is interesting to compare the ratios ^ and 4 for three 

iA '^A 

different soils. Table 4.5 gives an idea of the variation in E' 4 V 
pareneters for the two stress pathsAd c for different conditions. 

Even the use of s' d K' rather than E' d v', as recommended 

by mmaschuh 4 talllappan (1975) cannot account for the anomies for toe 
Stress paths discussed above. 

due above discussions were based on the assumption that soil 
behaves as an isotropic material. The anlsotroB, is inherently 
present tn the clays. Even the laboratory samples prepared by 
resedimentation show the anisotropic behaviour (lewln, 1971, 
Balasubramaniam, 1973). However, the observed esperimaital behaviour 
in this study, is not innuenoed by the anisotropy (induced at the 
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time of sedimeatation) as the preshear consolidation pressure was 
almost eig^it times the pressure at the time of sedimentation. On 
the other hand, the inherent anisotropy could be handled, l^y using 
anisotropic theoiy of elasticity [as shown by Simons & Som (1969), 
Henkel (l972) and Wroth (l972)]. Ihe inherent disadTantages, howerer, 
remain as the tneory of elasticity does not account for the stress 
path dependent & dilatant behaviour of soils, 

4.9 GONCHJSIOHS 

33ie results of drained triaxial tests hare been presented for 
Tarious stress paths from the two basic stress states both for noxm^ly 
and lightly orerconsolidated clays. !Ehe stress path dependent stress- 
strain-volume change behaviour for anisotropically consolidated clay 
as presented here, is believed to be the first ^stematic study of 
the behavioural aspects done on a natural marine clay. Obviously the 
interpretation of the, results of this study has to be made in the 
light of the -creeping tendency- of this natural clay. Hie loading 
stress paths and represent the typical paths usually encountered 
for footings on clays. Stress path G is more relevant for an active 
earth pressure problem, whereas G stress path is characteristic of 
an excavation element. B is a typical pure shear stress path. 

Anisotropic consolidation tests show that the anisotropic (n) 
lines are not parallel and the slope X of the lines is dependent on n. 
She maximum observed variation in X was fifteen percent. Again 
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detemiuo-tioa of K for a catural cl^ is not ea^ especially when 
snail increments aie inyolved, iill this is going to explicate the 
simple and useful concepts provided by the Cambridge groi^. However, 
a detailed study concerning the evaluation of X and K is warranted. 

aventy dey rest period for the clay, during which the delayed 
consolidation was allowed, results in a i^tio of 1.25 to I.3, 

Conventional drained test on a sample, which had probably developed 
this critical piessuie, showed a much stiffen strain-strain response, 
rests on lightly overconsolidated samples appear atleast,to qualitatively 
represent the insitu behaviour of a soft marine clay in a much 
shorter tine. 

The unloading behaviour along various stress paths studied, 

showed that the recoveiy in volumetric and shear strains was veiy 
small. 

Ihe one dgy rest period introduced before shearing, resulted 
in smaller strains than would be expected from a stress probe that 
was part of a continuous loading process. It is also shown that the 
magnitude of the probe has a substantial effect on the strain response. 

finally it is shown that the drained modirlus is very much a 
function of the stress path. The effect on drained moduli of the 
previous stress history (isotropic/anisotropic consolidation; normally/ 
lightly oveiconsolidated) is marfeed and it is anphasized that 
relevant consolidation stress history must be duplicated in the 
laboratory for any sensible results. 
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It i8 pointed out that the use of isotropic theory of 
flasticity in interr^reting the results of soue stress paths lead to 
an anomaioua behaviour* fhis is due to the fact that the theory of 
elastiGily does not handle the stress path depeMentj dilatant 
behaviour of the clay in its formulation. Concepts based on the 
theory of plasticity would appear to be more powerful (aoscoe and 
Burland, 1968) and will be discussed in detail in chapter 6* 



Evaluation of the ELastic Parameters for Different Stress Paths. 
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■^Inadmissible values 



Evaluation of the Elastic I&rameters for Different Stress Paths. 
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(*Inadnissible values) 
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Table 4*2 

Elastic Parameters for Harm of Kutch Clay 
with Anisotropic Stress Htstoiy. 

Basic Stress State (q/p’ = 0.4) 


\ 

Elastic . j 

Parameters 



Stress Path 




<^1 

< 

i--- 

B 

0 

D 

.. ^ 

E’(in psi) 

0 

295 

446 

0* 

2,290 

26,800 

- ■ ! 

t 

0.5 

0.306 

0.234 

-1* 

0.495 

0.55 

. G?(in psi) 

0 

1 13 

228 

168 

565 ^ 

■ 1 1 ,200 

K’(in psi) 

425 

252 

144 

0* 

25,400 

3,020 






1 

t- 


(^Inadmissible yalues) 


Table 4.3 

Elastic parameters for lastly Orerconsolidated 
Hann of Kutch Clay (OCR = 1.25). 

Basic Stress State (q/p* =0.4) 



(* Inadmissible Talues) 
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Table 4.4 

Elastic Barameters for Rann of Kutch GLay with 
Isotropic Stress Eistory. 

[Taken from Yudhbir et. al. (1975)] 

(Preshear Confining Pressxire = 15.6 psi) 




Stress Path | 


UXC 

parameters 

A 

B 

c 

D 

E*(in psi) 

240 

0* 

985 

. 

1 ,540 

■v’ j 

- Q.15 ; 

-1* 

0,46 

0.41 

G'(in psi) 

130 

160 ’ 

410 

1^600 

K'(in psi) 

103 

: 0* 

2 , '3 20 

555 


(*' Inadmissible values) 


Table 4.5 

Comparison of Young's Modulus & Poisson's 
Ratio for Different conditions. 


... , - . 

Soil type , 

^ ' • . ■ : 

i E' * 
ic 

v' ** 1 

c ' 1 

r 

' 

1 1 

I.Rann of Kutch clay (p.I.=49^) 



I.O.C. (isotiropic stress history) 

: 4 ; 

; 3 

’ H.O.C. (anisotropic stress history) 

^ 5.13 

; 2.12 

0 . G . S. «1 . 25 ( anisotropic stress 
' history) 

7.6 

3.22 

2.K.C.G. Weald clay (P.I.=25^) 

1.6 : 

2.1 

i3. Loose Sand 

( (relative density = 33^) 

^ [Breth et. al- (l973)l 

1.3 

j 

1 

: 


* ^1a ^ ^le initial tangent Yoxjng's moduli for stress paths A 

and C respectively. 

**v' 4 vi, are the Baisson’s ratio for stress paths A & G respectively. 

A ' o 
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Varadarajan ( 1973 ) 
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FIG-4'18 STRESS-STRAIfsI-VOLUME CHANG 
A ' LOADING & Uf-lLOADiNG ALONG '& 






Basic sire; 


Shear' strain in 


FIG 4.19 STRESS-STRAIN-VOLUME CHANGE BEHAVIOUR 
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FIG A-22 STRESS-STRAIN-VOl.UME CHANGE BEHAVIOUR 01 iRiNG 
LOADING & UNLOADING ALONG PROBES A AND B IlIgHTL 
OVERCONSOLIDATED) . 


Volumetric strain in percent {+) 
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Loading 
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Shear strain in percent 
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(+)yolumetric strain in percent ^ ^ ^ 


basic stress state 
iq/p'=0-4) 


i3' 
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FIG..4-24 COMPARISON OF UNLOADING BEHAVIOUR OF A FE 
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AP’ATION OF- E & G WITH STRESS PATH (3) AS PER THEORY Of 





CHAPIEa 5 


DEAIIED HTj-fiTyp BEHAVIOJE OP AKISOTEOPICAlir GOKSOIiIDAIH) CLfif 
5.1 GMHUL 

DELme readings for all tbe iacremental creep tests along 
various stress paths were recorded for twenty four hours except for 
the anisotropic consolidation test along the basic stress state of 
q/p« = 0.4, for #iich the readings were recorded for a fortni^t. 

In this chapter the drained creep behaviour for different stress 
paths has been presented in the form of percaat strain (volumetric, 
shear and axial) variaticaa with logailthni of time (minutes) both 
for noimially ^ li^tly overconsolidated samples, ill the tests 
had the same starting pressure of 25.3 psi except for those starting 
from the li^tly overconsolidated state. This study is mainly 
concerned with the ''incremental" creep as opposed to Ihe ''prior" 
creep due to the anisotropic consolidation stress history of the 
clay, 3Ihe slopes of the linear portion of percent strain versus 
log time relationship (logarithmic creep rate), referral to here- 
after simply as "<areep rates", have been designated as c^, aM 

c for volumetric, shear and axial creep rates respectively. Hae 
ae^ 

variation of the creep rate with the stress ratio (h) could not be 
presented upto failure as the probes used in IMs study were anall* 
jEiowever, one test (conventional drained i.e., 'A* stress path) 
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starting from the basic stress state of q/p’ =0.1 was conducted 
upto failuire and this test has been discussed in detail along with 
the others. 

5 -2 DRAINED CREEP BEHAVIOUR OP THE ONE DIMMSIONAI, CONSOLIDATION 
TEST 

IQae anisotropic consolidatim test along the basic stress 

state of q/p* = 0.4 (approximately was carried out to have an 

idea of the "prior" creep rate of the clay. Pig. 5.1 shows the 

axial strain variation with log time for the last stage of the test. 

The figure indicates a linear variaticn of axial strain with log 

time after the initial pore pressure dissipation. !Ehe slope of the 

linear portion (c ) is 0.6 and almost remains constant upto the 
ae^ 

time period of 16,000 minutes. 

Anisotropic consolidation tests by other woricers indicate 

that there is not much variation io c^ for smaller stress ratios 

(upto k^) b^ond which the creep rates increase with n thadd and 

Preston (l965), Barden (1969)]. Newland's (1975) results indicate 

that the shear creep rate (cae) is seen to increase rapidly with n. 

This is shown in Pig. 5.50(b). Yamanouchi & Yasuhara’s (l975) tests 

indicate a linear variation of c^ and c _ with n. Clays subjected 

to k -consolidation before shearing show a little larger creep rate 
0 

than the corresponding isotropically consolidated clays [Yamanouchi 
& Yasuhara (l975)]. Also the creep rates as observed in a k^-triaxiaL 
test are generally larger than the corresponding rates in an 
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oedometer test, due to the side friction in the oedometer. One 
dimensional creep (oedometer) has been the subj ect of study by 
many workers. In excellent review of the factors affecting is 
given by Mesri (1973). 

5 .3 DRAINED CRSEP BEHAYIOUR OP TEE FOEMADUr CONSOLIDAIED GLAI 

UNDER NCN-k CONDITICUS 
0 

Test data from different basic stress states is presented 
first and then they are discussed. 

5 . 3.1 Creep Test from the Basic Stress State of q/p* =0.1. 

Por the conventional drained (’A’ stress path) test from 
the basic stress' state of q/p' = 0.1 conducted upto failure, variation 

I , 

of volumetric, shear and axial strains for some increments are 
shown against log time in Pigs. 5.2 through 5.4. It is g^parent 
from these curves that after a few hundred minutes of primary 
consolidation, a line;ar variation of strain with log time is obtained. 

(li-g. 5 . 2 ) appears to remain constant with stress ratio upto a 
certain stage b^ond ?hich it starts decreasing, c^g and c^g 

1 

(respectively shown in Pi^. 5.3 & 5*4) show an increasing trend 
with Ti . A detailed discussion of the variation of with n is 
given later in this chapter. 

5.3.2 Creep Tests along various Stress Paths from the 
Basic Stress State of q/p’ = 0.2. 

Pigs. 5.5 throu^ 5.8 show the variation of volumetric 
and axial strains for stress paths A, B, C and G^. Por stress 
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path, as showa ia Slg. 5 •15(b), only TOliaietric strain variation 

with log time is shown as the axial strains were extremely snail. 

[Qiere does not appear to be much variation in with the stress 

ratio for a given stress path, altiiough there is an evidence of the 

dependence of c on stress path, c increases linearly with n . 

° 1 ' 

Stress path & stress ratio both affect c . Kie results for this 

ae^ 

basic stress state are similar to those from the basic stress state 
of q/p’ = 0.4, which are presented in detail in the next section. 

5.3.3 Creep Tests along various Stress Paths from the 
Basic Stress State of q/p' = 0.4. 

As this basic stress state happens to be near the for 
this clay, it will be interesting to compare the results of various 
stress paths conducted from this state. 

Pigs. 5*9 and 5.10 give results of stress path A test. 

c and c are larger than c • There is some scatter in the 
ae ae^ ccv 

results for c , but essentially it ronains constant with the stress 
ov 

ratio, whereas c and c show an increase with q . Comparison 

1 

of iig. 5.11 with Pig. 5.10 shows that values for stress path 

B test are always greater than the corresponding values for stress 

path A for the same stress ratio, clearly Showing that the stress 

path affects the creep rates. As B stress path is the pure shear 

test (where p' remains constant), it shows hi^er shear and axial 

creep rates than the voltometric creep rate. Por this stress path 

also, c increases linearly with q. Pig. 5.12 shows that for c 
“^1 
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stress path, the trend is similar to A & B stress paths, althou^ 
magnitudewise, creep rates are smaller for C than A & B stress paths 
for the same stress ratio, thus dsMnstrating clearly that the stress 
path has a significant influence over creep rates, c^ is almost zero 
for the stress pathC » 

figs. 5.13 & 5.14 indicate that for the typical footing 
stress path along which n variation is not substantial, c^^, 

& c remain constant. However, from the results, it is clear that 
for stress path at hi^er stress ratios, c^^ and c^^^ would show 
an increase with n* (q-constant) [fig. 5.15 & 5.16], a typical 

footing stress path, gives c^^ larger than the corresponding 0^^^^ & °a£^* 
This is quite consistent with the fact that a consolidation test would 
give a larger volumetric strain than the axial strain for a given 
increment. B stress path slKiws the opposite trend, being a pure 
shear test. 

figs. 5.17 and 5.18 slmiw the results of stress path, 

which forms a continuation of the basic stress state. !I3ais is a part 

of special test 1 illustrated in Pig. 4.7 (chapter 4). As P^ test 

had a different history and also due to the small increment, it gives 

smalleET creep rates (actually it behaves as if the test was conductea 

from a li^tly overconsolidated state) [Bishop & lovenbury (1969), 

Mesri (1973), Mgers et. al. (l973)]. IMs is clear from the magnitudes 

of c , c & c , which are 0.29, 0.152 & 0.285 respectively. 

°av’ ae 

c from this test is almost half as compared to the regilar 
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anisotropic test value (l^-g. 5.l). Hence the anisotropic consolida- 
tion tests would indicate different creep rates for normally & li^tly 
overconsolidated samples. 

5 .4 DRAHH) CREEP BEHAVIOJR OP THE UGHTEr OVSEGONSOIIMTED C TAY 
(OCR = 1.25) DHDER NON-k^ CONDITION 

Test results of stress paths A and B from an OCR of 1 .25 
are described along with the results of the special conventional 
drained test conducted on a sample vshich was allowed 20 d^ "prior" 
creep before shearing. Pigs. 5.19 throu^ 5.21 show the variation 
of volumetric, shear and axial strains with lof] time for stress path 
A; Pi^. 5.22 throu^ 5.24 give these variations for stress path Bj 
whereas Pigs. 5.25 throu^ 5.27 show the variations for the special 
test (a stress path) with 20 d^ "prior" creep. 

iOie strain-log time curves for lightly overconsolidated 

samples are similar in shape to those obtained for the normally 

consolidated saaples. Tables 5.1 through 5.5 list the values of 

creep rates for various stages of the tests. It is seal from the 

tables that c values for stress path A, corresponding to a stress 
ae^ 

ratio of 0.65 are 1.25, 0.28 and 0,32 respectively for normally, 

li^tly overconsolidated clay samples and the special test. Similarly 

c corresponding to p of 0.58 are 0.6, 0.21 and 0,1 respectively 
av 

for the three cases. These results indicate that in gaaeral the 
creep rates are considerably smaller for the lightly overconsolidated 
samples as compared to the rates for the normally consolidated samples. 
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(Haere is a small scatter in e < but the trend is essentially constant 

OtT 

with n* dhese results along with those on normally consolidated clay- 
will now be discussed in detail. 

5 .5. DISOTSSION OS’ REailTS 

Bie drained creep test results clearly show a consistent 
pattern in that after the excess pore pressures associated with primary 
consolidation dissipate, straire (volumetric , shear & axial) vary linearly 
with log time. Hie curves for all stress paths are similar to the 
•type in curve of lo (l96l) due to the small increment ra-tdo used. Hie 
linear variation of strain with log time has been observed by many 
workers also on various soils, inisotropic consolidation test along 
(basic stress state q/p' = 0.4 ) indicated that the slope c^ remains 
constant with time (upto a fortni^t). However, long term tests 
described by Lo (l96l) (oedometer), Bishop and Lovenbury (1969) (both 
oedometer and drained triaxial) on undisturbed samples indica'te that 
this linear variation is observed for only 60 to 200 days depending 
upon the clay and later on "instabilities" developed, which changed 
altogether 'this simple behaviour, is has been ri^tly pointed out by 
Mgers et. al. (1973) and Mesrl (1973) that these "ins-fcabilities" 
could result from experimental difficulties, such as t^perature 
changes, external "vibration, physico-chemical changes in the sample 
due to cementation or bacterial growth at the particular laboratory 
temperature etc., althou^ very specialized equipment for these tests 
was developed by Bishop and lovenbury. Haese "instabilities", which 
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they teim as fuMaasatal to insitu soil hehavicxu?, wjold reader 
inadequate the nariy simple logarithmic or power laws used to present 
the time deformation behaviou3> of soils- Bishop A lorsaburyJs data 
also indicates that axial strain rate (c ) is not constant but 
varies sli^tly nonlinearly with time. Bjerrum (l967) reports creep 
rates decreasing with time. Hence, there is a great need of accurate 
Ibng term insitu creep data. However, laboratory tests on uniform 
& similar samples have their own merit in a fundamental study of 
this type. 

A comparison of test results from the two basic 
stress states of q/p' = 0.2 and 0.4 indicates that barring a few 
cases, in general, the creep rates are hi^er for tests starting 
from the lower basic stress state. !Hiis, of course, not be true 
for hi^er stress ratios. Is the basic stress state of q/p' = 0.4 
represents approximately the of the clay, its results would be 
mainly discussed, as they would be more relevant to a field problem 
(similar explanation would be valid for tests from the other basic 
stress state). * 

Hae test results indicate that the incr^ental creep 
rate is veiy much a function of the stress path and the stress 
ratio. Sbr a given stress ratio > creep rates are different for 
different stress paths. iBiis is indicated in Big. 5.28, which 
represents the variation of the axial creep rate ) with the 
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direction of the stress path 6(8 has been defined in Pig. 3.3)» ®ie 

solid curve in this figure has been dram throu^ the points that 

correspond to creep rates as obtained at the end of liie final stage 

of each stress path test. Dotted curves in the figure represent 

constant stress ratio (p) lines. Baese dotted lines run across a 

n;imber of stress paths, indicating the dependence of axial creep rate 

on the stress path. In the range of 8 shown in this figure, stress 

paths such as C, B,A, are enccaapassed . Constant r(-lines of 

less than 0.55 would be relatively much flatter and thus would indicate 

that axial creep rates donot depend to a large extent on stress path 

for low stress ratios. Similar trend w3uld be observed for shear 

creep rates (c ) when plotted in this form. liirayama and Shibata (l964) 
ae 

have clearly shown that for stress path , c virtually remains 

constant with pressure and since q is constant for E^ stress path, it 

would indicate that c is almost independent of n for this stress 

path. GSais is shown in Pig. 5.29(a). have indicated considerable 

difference in results of stress paths A and E^. Hewland’s (l973) 

creep data reproduced in Pig. 5.30(b) for stress path E. indicates 

that shear creep rate (c^^.) stays almost constant with q. Burland (l969) 

has indicated tnat c for E^ stress path is larger than the 

av 1 

corresponding c . Ihe present investigation substantiates the 

Ci G 

findings of these authors. explained earlier, the fact that 
Tolumetidc creep rates are found to be hi^er than the corresponding 
shear C3?eep rates for this stress path is understandable, as this, 
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being a consolidation test (firan an anisotropic line), would show 
hi^er volumetric strains than shear strains for the same incr^ent. 
The reverse trend is obtained for stress path B, which is a pure 
shear test (Refer Fig. 5.6). 


From Bishop and lovenbuiy (l969) data, it can be concluded 

that for undisturbed London clay, c is much larger for stress path 

^1 

A thaa for G. Eor a stress Level of 70-82 percent, c values for 

aei 

stress paths A & G are 0.17 and 0.06 respectively (slope taken in the 

c (A) 

ae-j 

range of 1 to 10 dt^rs), indicating that the ratio rzy is about 3* 

°ae ^ 

1 

This ratio is 4 for stress ratio n equal to 0.656 in this study . Eie 
only available data for A and C stress paths (although for an 


overconsolidated clay) confirm the findings of this investigation 
that creep rates for stress path ^ are relatively much smaller. 


!Ilie test results for stress path indicate that for the 

probe length investigated (q does not vary much), c^^ and c^^ show 

1 

an increase with althou^ in the beginning it stays constants 

however, remains constant. BduIos et. al*s (l975) recent stu(^ of 

G stress path, in their effort to predict the creep rates by the 

generalized stress path method [ as originally indicated by Koizumi 

and Ito (1964) and Barden (1969 )] have indicated that aging does not 

result in a decrease in . Fig. 5*31 shows the iresults of 

1 

Boulos et. al. The fact that Poulos et. al.did not observe any change 
in c for an aged sample does not mean that this would be true for 
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other soils and stress paths. Eiis Jiiay be lypical of the stress path 

i 

they have chosen, i??he^e the change in stresses is not significant to 

cause a substantial change in Again Kaolin as used by them has 

# 

lower creep potential compared to more active clays. On the contrary 
the study on ligjatly overconsolidated samples and tiie results of the 
special conventional drained test on a 20 day aged sample, have clearl^v 
shown that there is a considerable reducticai of creep rates for an 
aged sample for A and B stress paths. This is in order as for the 
normally consolidated clays ^/idrere contact stresses are relatively hi^, 
c will be hi^er than for overconsolidated soils, where contact 
stresses are lower [Mesri (l973)l« 

!Bie tests in this study have been conducted at the same 
presaire and for samples of 3 inch hei^t. Pressure incremaat ratio 
(Ap/p) was also almost const:aat (small Ap/p). However, as has been 
studied in detail by many investigators [Barden (1969), Ladd aimi 
Preston (1965), Mesri (l973), Walter (l969), Yamanouchi & Yasuhara 
( 1975 )], seems to remain unaffected by Ap/p ratio, hei^t of the 
sample & pressure. It con, therefore, be concluded liiat, in general, 
drained creep rates are veiy much affected by liie stress path. 

5.5.1 Variation of Creep Rates With Stress Ratio (n). 

Barden (1969) mentions that if shear deformation including 
failure is governed by the stress iratio, it is logical to expect creep 
deformations also to be affected by it. Test results presented in 
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this ch£g)ter have clearly indicated that a knowledge of deviator 
stress alone is not sfufficieat for analysing the diaiaed creep 
behaviour. Stress ratio p and the stress path are the two main 
factors which affect creep rates. 


Pigures 5.32(b), 5.33 ^yod 5.34(b) give the variation of 

c , c with n riainly for stress path A and B tests (for normally 
ae ' ae ^ * 

and li^tly overcoasolidatecl samples). Test results for other stress 
paths have also been shown for comparison, Pigs. 5.32(b) and 5.34(b) 
indicate that the variation is similar for both normally and li^tly 
overconsolidated samples, i.e., and increase linearly with 

the stress ratio (n) up to an "yield value", after which it increases 
very rapidly with stress level. At stresses higher than the yield 
value, the drained creep developed into creep rupture. This behaviour 
is "typical for stress pa"t±is A and B, Althou^ points for stress paths 
are also shown on these figures for comparison, it should 
not be assaumed that these stress paths would exhibit similar behaviour. 
G^ and stress pa"t±is have been discussed earlier and it was shown 
that for stress path; remain constant, lor stress path 


G. 


would indicate a linear 


.j, at higher stress ratios, and c^^ v 
variation with p. This linear vaiia"tioa, as observed for stress 
paths 1, B, C & G^ is "typical of "the drainei cre^ behaviour observed 
by Barden (l969) & Walker (1969) for stress path A; lamanouchi and 
Yasuhaia (1975) for stress path B and B&irayama and Shibata (1961, 1964) 
for stress path A. The "yield value" as observed in this investigation 
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for A and B stress paths confiims the findings of Murayama and 
Shihata (l96l,1964). Eigs. 5.35(a) and (b) respectively present the 
results of Walker (l969) and Yamanouchi & Yasuhara (l975). 

ISais linear relationship can be represented, as : 


de 


d(lOg_t) “ -S 


“ h = i TJ 


(5.1) 


ho 


de. 


and c, 


d(log^Qt) “ ^ 


(5.2) 


where and are constants, giving the slope of the ) 

versus ri diagrams. 


Hie relations represented by equations (5.l) and (5.2) are 
typical for stress paths A and B and cannot be said to be general 
for drained creep behaviour along all stress paths (e.g. stress path) 
hitherto assumed by other workeirs. Eurther these relationships are 
valid only upto the yield value. 

So far the variation of shear and axial creep rates with n 
has been discussed. Variation of (volumetric creep rate) with n 
will now be presented. Pigs. 5.32(a) and 5.34(a) show respectively 
the behaviour observed for normally and li^tly overconsolidated clays, 
lest Insults of stress paths A and B from the tro basic stress states 
show that essentially c^^ remains constant with p upto a certain 
stress level (which seems to be near the "yield value”), beyond viiich 
c starts decreasing and eventually shows a tendency towards zero 
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volumetrio creep rate at failure. Points from other stress path tests 

are shown in the figure for comparison. !I5iere is a difference in the 

c values for the two basic stress states shown in the figure, 
ov 

Although Walker (l969) got different c^^ values for te&te in eiapie 

shear and triaxial apparatus, he indicated that isotropic consolidation 

and A stress path tests give same c^. At present more data is needed 

to clarify this point. The scatter in c^ values as observed by 

Walker; Fewland; Y amanouchi and Yasuhara is of the same order as 

obtained in the present investigation. Some of the scatter in the 

figure is due to the differences in stress paths followed in the tests, 

indicating the dependence of e on stress path. However, as indicated 

av 

earlier, this sample (q/p' = 0.1 ) was obtained from a different slurry 

and as such the observed values of c for this test may as well be 

ocv 

due to the sample differences and for this reeison alone a separate curve 
through these points has been showi in lig. 5.52(a). It is difficult 
to obtain correct volumetric creep rates in triaxial due to the 
leakage past membranes & 'O’ rings etc. in long duration tests. It 
can, therefore, be concluded with the scatter as observed, Idiat 
remains constant with n for all stress paths. However, depends 
on the stress path. !I3ie tendency of to decrease beyond the 
"yield value" is quite relevant in view of the fact that normally 
consolidated cIe^s undergo shear at a very small volume at failure. 

For lightly overconsolidated clay (thou^ there is evidently some 
scatter), c values are smaller as compared to the values of 

' C£V 

normally consolidated clay. 
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Available variations of c with, stress ratio (b) in the 

av 

literature are by Walter (1969) [shown in Pig. 5.35(a)3, Uewland (l975) 

[shown in Pig. 5.30] and by Yamanouchi and Yasuhara (l975) [shown in 

Pig. 5.35 (b) ] . The trend expected by Adachi and Gteano (l974) is 

shown by dotted line along Walter's curve in Pig. 5.35 (a). Whereas 

the results shorn by Uewland (l973) give lot of scatter and mainly 

consist of tests, a careful loot at his figure would indicate that 

an average vertical line is not at all a bad fit upto ri = 0.5, beyond 

which c follows the trend indicated by Newland. With this 
ov 

modification, the results obtained in this investigation are sim ilar 
to Newlands- Walter’s results as presented in Pig. 5.35(a) show a 
vertical line variation upto all stress levels. However, Walter’s 
experimental points do indicate a variation similar to the one obtained 
by the author in this investigation-. Adachi and Ckano’s (l974) 
dotted line variation shown in Pig. 5.35(a) (along with Walter’s line) 
almost give "the variation obtained in this inves-feigation. 

Th e stral gh t line variation of c^ with n shown by 

Yamanouchi and Yasuhara (l975) [Pig* 5.35(b)3 for stress pa-fch B 

tests, does not appear consistent with 1iie fact that as failure is 

approached, the volumetric creep should reduce. Bhe dotted line 

shown in this figure, consistent with the interpretation made here, 

suggests that within the scatter range seen in other investigations, 

c in this ease (b stress path) also is independent of n « 
av 
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It can, therefore, be concluded that volumetric creep rate 
(c^^) is independent of stress level (n) up to the value”* 
However, stress path does seem to affect c • 

The observed variation upto the ’’yield value” can be written as: 


dv 


c = 
av 




"3 


= const ant 


(5.3) 


Equations (S-l) throu^ (5.3) corroborate in general the findings 
of Walker (1969). 


5.6 CONGinSIONS 


ilhe study carried out by the author on the drained creep 
behaviour along various stress paths is believed to be one of the 
first few detailed and systauatic investigations* !Ehe curves, 
after an initial poirfcion 'of a few hundred minutes, resolve 
into linear strain-log time plois both for nomally and li^tly 
overconsolidated sample for various stress paths* !Bie creep rates 
(for A and B stress paths) observed for li^tly overconsolidated 
clay are much smaller compared to the corresponding v^flu^ for the 
normally consolidated clay. (The special conventional drained test 
for a twenty day aged sample showed similar behaviour. IHiis is 
contra:Qr to the findiugs of loulos et. al. ( 1975 ) ^ didnot observe 
Piny change in the. creep rates for aged samples. ISaiSj however j 
appears to be due to the particular stress path considered (G^ 
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whioii does not show much variation in n and the low creep potential 
of Kaolin used. 


Hie results clearly indicate that the drained creep rates 
depend veiy much on the stress path. Shr the same ratioj liie 
variation in creep rates for different stress paths is veiy signi- 
ficant (Hg, 5,28). Hiis proves and justifies the statements of 
Bai^ien (l969) and Yamanouchi & Yasuhara (l975)j who have presented 
results of A and B stress paths respectively and have made these 
general observations. 

Eesults also substantiate the findings of Walker (l969) that 
the shear creep rate is linearly related to p . However, as has 
been pointed out in the discussions that this linear variation is 
up to an "yield value", beyond vhieh the axial and shear creep rates 
become excessive leading to creep luplaire at veay hi gh ri“values. 
Hie influence of stress level on the creep bdiaviour of soils is 
better documented than the influence of ary other variable. 

It appears that creep rupture will develop at lower stress levels 
in undrained creep than in drained creep because of the induced 
pore pressures. Hie linear variation of c^ & c ^ with n 
cannot be generalized as a characteristic feature of the drained 
creep behaviour, ns it is dependent on the stress path e.g. for 
stress path, creep rates are independent of p . 
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Yolunietric creep rates (c ) a 3 re independent of n upto the 

Y 

’’yield value", beyond which a decrease in c occurs* Different 

av 

workers have put forward different view-points on this aspect. 

However, it is felt by the author that the variation of c as 

presented, appears to be the most likely trend. Yamanouohi & 
Yasuhara’s linear variation is not compatible with Ihe known 
feature of clays to undergo shear at almost zero volumetriG creep 
rate. Volumetric creep rates, with the limited data available 
in this study, suggest path dependence, althou^ further detailed 
investi^tion is required to clarify this point. 

In the end it is pointed out th.it due to the dependence of 
creep rates on the stress path, as observed in this study, a 
realistic idea of the deformations could be had for any problan by 
piredicting the creep rates of various soil elements, depoading upon 
the stress path in a given problem. A model to predict the creep 
rates for different stress paths frcsm the results of two. known tests 
is described in Chapter 6. Also the usefulness of Ihe Berkeley 
rate process model to predict the drained creep behaviour is 
discussed in the next ch^ter. 
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riBIE 5.1 


TABLE 5.2 


Creep lates for *A' ^Sress path 
(for N.O.O.) 



Creep Sates for ’A* Stress Bath 
for LLghtXy Overoonsolidated Clay 
'OCB =1.2 



TABLE 5*5 


Creep Sates for *A^ Stress path 
for the Special Test (with 20 day 
’’prior” creep) 
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CHAPITER 6 


PEH)IGfI® OP IHiE 0BSSf7H> S!ERiSS-S!ERAIN-fi|iB 
BTHAVIOOR 

6.1. GENERAL 

Hie behavioural aspects of stress-strain and creep were 
discussed in chapters 4 and 5 respectivelsr. it was shown that 
theory of elasticity cannot handle the stress path dependent, 
dilatant behaviour of soils. A Hiodel is proposei in this chapter, 
^ich is able to predict the observed stress-strain behaviour of 
most Of the stress paths studied in this investigation. It is 
also ^wn that the proposed model can predict the anisotropic 
consolidation test results, value of k^, state boundary airface 
governing volume change behaviour during ^ear & also uMrained 
test results for a -consolidated saaple. me predictions trm 
various avaUable models based on theory of plasticity concepts and 
aapiracal ^proach^ are also ocmpared. It is shown Ihat me 
drained cre^ rates for some of the stress paths can also be predicted, 
finally, the parameters m, a, A fOr the Beikel^ rate process model 
are evaluated frtmi the drained cre^ tests for various stress paths 
and me suitability of this model to predict me dirained creep rates 


is discussed# 
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6.2 lEOPOSED MODSD OX) PREDICT OHE SPRESS-SIRAIN BMATIGDR 

Prom the work of various investigators, and also as observed 
frcm the results of this investigation, it is clear that the tilaxial 
behaviour of saturated cl^s is mainly dependent on me mem normal 
stress P' and the shear stress q. It is now suggested, that the 
stress-strain behaviour of a saturated cl^ along any stress path, 
be predicted from the results of two basic tests: 

(a) a cona>lidation test (q-constant) starting from a k^-line. 

(b) a pure shear test (P-constant) starting frcaa a k -line. 

o 

As has been observed that both the volumetric and the ^ear 
strains are obtained in each of the above two tests, it is clear 
that decoupling of these effects, due to changes in P & q asaimed 
in theory of elastieily, is not correct. Any theory, which seeks 
to predict changes in volumetric & shear strains resulting fioa 
changes in P and q, should, therefore, consider Ihis coupled 
behaviour as suggested by Scott & Ko (l969). In the proposed model, 
this has betjn atteoipted* 

She chants ia TOluiaetrie & shear strains, as a remit of 
the application of a probe (dp, dq) under drained conditions, me^ 
be expressed as : 


dv = dp ^ dq 
3P 3(1 ^ 


( 6 . 1 ) 
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“ 3p ^ ^ (6.2) 

where, dv and de are the daonges in Tolumetric and shear strains 
respectively during the application of a piobe. Bv/ap and 
9e/3p are the parameters, which can be deteimined fcan a 
q-constant test, wherec^ the parameters Sy/dq and 3e/^q have 
to be obtained from a p-constant test. The .assumption is that the 
total effect of any loading incranent comprise the separate effects 
of the corresponding increments of p & q. Eq. 6.1 and 6.2 are 
general and can handle any stress path. Most important consideration 

is, however, evaluation of the relevant paraneters to be used in these 
equations. 

6.2.1 Evaluation of ihe Parameters 

Ohe parameters 3v/3p, 3 e/ap, 3V3q and Se/sq in Eqs. 

(6.1) and (6.2) have to be obcained from velermt p & g constant 
tests depending upon Hxe stress path. Table 6.1 shows Idle suggested 
procedtire to be adopted. Bor the evaluation of these parameters, 
test results of -Hae four basic stress paths B, E and B-unloading 
are plotted and discussed subsequently. As the basic stress state 
q/p - 0.4 is near of feis cl^, the prediction of strains has 
been attempted for the tests from,tiiis basic stress state. However, 
some test results froE the basic stress state of q/p' = 0.2 have 
■qJ, s o I)"© 60 . iodic ©d f ot c oiBp <ori son. « 
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As Urn piobfes inreetagated were relatlTely auall (twenlgr 
percent of l^ie basic stress state only), these parameters have 
been evaluated for this clay on the basis ef the avail^le data, 
is shown subsequently, the values of the parmeters as chosen, 
appear to be reasonable, however, fbr a more accuiate evaluation, 
the test results to failure are desirable. 

6.2.1. 1- Paraaeter DeteiminatLon frtm Test 

Slg. 6.1 shows the volmetric and axial strains plotted 
against in P. The straight line relationships as shown appear 
to be reasonably fitting the limit®! data. The slopes of tbese 

Ixnes are = 0.076 and = 0.02. Prom these tests results, 
the following relationships are obtained; 


Be a-z 

W ~ ~P ^ " “7 (6.3) 

6. 2. 1.2 Paraaeter Determination Srvan E-Test 

is no test was available from the basic stress state of 
q/p’ — 0.4, results of E-test from the basic stress state of 
q/P’ = 0.2 are plotted and used for predicting the strains of tests 

conducted from the other basic stress state. Olie constaits, 

a' = 0.0064 & = -O.OC56 are obtained as shorn in Pig. 6.2, 

xs negative, as for the SHall increment, shear strains are 
positive even thou^ the pressure P' is decreasing. is discussed 



earlier, this may be due to the tendency of the material to creep 

aad also the magnitude of small steps adopted in this investigation 
for all the stress paths. 

Jtollovdng relationships are obmined from this test: 

9 V 

^ = a/p and ^/p 

6.2. 1.3. Parameter Determination Prom B-Test 

aSie stress-strrln curve for this stress path is highly non- 
linear and in cider to account for this non-linearity, the test 
results have been plotted in an unconventional manner shown in 
Pigs. 6.3 and 6.4, as suggested by Wroth (1968). The advantage 
of this plot is that the straight lines obtained in :in 
versus shear strain and q/q^ versus volmetric strain plots 
(q^ being the shear stress at failure), have the seaie slope D’, 
with D» being the value of the total volumetric strain eKpeidenced 
by the sa^le during the test. D* is 0.045 for normally consolidated 
and 0.0072 for lightiy overconsolidated clay staples (iig. 6.3), 

Test results on i80T:r<^ical3y consolidated samples of this cl£y are 
shown in PLg. 6.4. D' for this test Is 0.036. It can be seen 
from these figures ttat fcth's plot r^resent the ^tire stress- 
strain-volume change curve for B stress path by means of linear 
relationships. iHie differences in D* values in Pigs. 6.3 and 6.4 
could either be due to the different stress history of -fee samples 
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isotoipicAQ-coasolidation) or msy as well be due to the 
differeoces in saaqjles used in the two investigations. Rsllowmg 

r*olai* 2 .oiisl 2 ips 2*1*6 obtFajued fop “this tostj*. 


3T D* , T)t 

- a £. - --±1 — / V . 

3^ aq (^•S). 

Parameter Deteimnatijoa Erom B-^Jnloading Test 


Bae corresponding relationships for unloading along the 
stress path B are not so ea^ to eT£auate due to the inaccuracies 
involred in Hxe measurements of small strains. [Ehe test results of 
unloading ^long the stress path B have indicated some recoveiy in 
shear strains with continuing increase of coii?)ressive volumetiic 
strains (Refer Bigs. 4.23 & 4.24). 


Bor Idle loading part of the shear stress (q)— shear strain (e) 
curve, the slope at any point of this curve is given br Sj, 6.5 




« f 


M 

Be 



( 6 . 6 ) 


For the unloading p^art of the curve, the slope at any point 
decreases as q decreases. Bollowing Wroth (l968), the corres- 
ponding relationship may be assiaaed as: 

M _ ^ 

3e ~ C» (6.7) 


#iere, O' is a constejit. 
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r the volumetric strains, it is asanaed. that the relationship 
given by Eq. (6.5) holds good. 


i.e., =_ Bi 

where B' is a constant. 

Eqns. (6.7) and (6.8) on integration give 


( 6 . 8 ) 


e - e = c’ in 


'i-F + q 2q 

= -C In {■——) 

q^ + q 


2q. 


(6.9) 


ana = ) 


■f' '■‘f 


(6.10) 


Assuming the relationships given by Eqns. 6.9 and 6.10 to 
hold good for the unloading behaviour along B stress path for 
this clay, plots indicated in Eigs. 6.5 and 6.6 should then give 
straight lines of slopes l/c, and -1 /b» (fbr nomally & lightly 
overconsolidated samples). As the lanloading along B stress path 
for the normally consolidated s'ample was not carried out below the 
k^-line, the values of G’=0.005 and B* = 0.0024, as given in Eig. 
6.5 will be used in Ihe predictions. 


Eor B'Hunlo.ading test, following relations are obtained; 


H _ ^ C* 

— and — = — ■ " .1 \ 

^ SQ + q ( 6 # 11) 
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It is seen from iigs. 6.5 at3d 6.6, that the Tolumetiic 
strains are better represented than the ^ear strains by the 
relationships given by Eqns, 6.9 and 6.10. However, as these 
equations are simple and can be conveniently used, for want of 

better expressions to represent the unloading behaviour, th^ have 
been adopted here (Wroth, 1968). 

Equations 6,1 and 6.2, used in conjunction wilii Eqns. 6.3 
throu^i 6.11, give the following expressions, vihich can be used to 
predict the stress-strean-volume change behovioiir for practicaUy 
all the stress p.^ths. 

Ibr stress paths with aJ and fq increasing ; 


dP ^ D' 

- c!^ — + — - dq 


de = 


“1 P 

dP 


“3 




dq 


Ibr stress patte with AP decreasing and Aq increasing 


dv = a! ~ + 2L 

If 


de = a, 


1 P 

dP 


D* 


3 P q q 


dq 


Por stress paths with AP and Aq decreasing: 

, dP B’ , 
dv = a* — - — 

1 P 


( 6 . 12 ) 


(6.13) 


(6.14) 

(6.15) 


dq 


(6.16) 
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, , dP C' 

de s= ai "tr" + 


3 5 q. + q 


aad fer stress paths vdth Ap 


, dP B' , 

4^= Cl — dq 


, dP ^ O' 

^ P q^+ q 


dq (6.17) 

increasing and Aq decreasing: 

(6.18) 

dq (6.19) 


Eqns. 6.12 throng 6.17 here been mode use of to predict the stress- 
strain behaviour of stress paths , C, D, F & G. As no 

tests are available in 1iie sector 0 < 9 < 60°, the predictions 
from Eqns. 6.18 and 6.19 could not be checked. 

6.2.2- Comparison of the Predictions by the Proposed Model with 
other Methods 

Figs. 6.7 and 6.8 (a) show Ihe predictions of the loading 
st 3 cess paths A, G^ and F^ (indirect). They are obtained using 
eqns. 6.12 and 6.13. P3r6dic;^ions by the two Cambridge models* 
and Wroth ^8 model (l968) are also gtvai for comparison. iEhe 
suitability of the proposed BH3del to predict the observed stress- 
strain behaviour for the stress paths A and G^ is evident. 

* Gam Cl Borland (l965), Roscoe & airland (l968) models are 
hereafter referred to as Cambridge models. 
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!Hi^ Can overprBdicts "the shear strains cousideralDly • &irlaiid 
(1^5) also predicts hi,gher shear straias. At hi^er stress ratios," 
the predictions by ,&irlao.d are rather bad* Wci)th*s model gives ■ 
the same order of magnitudes of shear s Grains as measure for the 
stress path 6^, but predicts high^ sheiir strains , for the stress 
path A« Volixmetrie strain predictions are In general comparable 
with experimental data except for Cam clsf# 

Ihe prediction of strains for stress path cannot be 

accurately assessed, since this is an indirect test (refer special 

test 1 ) on a sample having a different stress history* It is evident 

from Fig* 6*8 (a), that the strains as predicted for this stress path 

would have been close to the mmsured values* had F^ test been 

1 

conducted immediately after the rest period following aAis»tropic 
consolidation* 

!Hie predictions by different models for the other loading 
stress paths B and are shown in Mgs* 6*9 (a) (b) 

respectiveiy* As the proposal model is derived fraa these tro basic 
stress paths, its predictions have not been included* For the seme ■ 
rea^n, the prediction of B .stress path by Iroth^s model is not 
shorn. Strains for the stress path are predicted quite well 
by 1roth*s model, #iereas the Cambridge Uriels predict results #iieh : 
differ a lot from the 'observed values* For stress path B, althou.^ 
the predictions by Burlond are much better than those from Gam Gliy, 
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yet it OTerprediets the mesisured sheai* strains. 

Rig. 6.10 comp.r'r^s the predictiona of the results of the only 
complete test (conventional drained test) carried out in this 
investigation. fne proposed model shows veiy good agreement » even 
though this bi^ic stress state is close to the isotropic state. 

Borland «e predictions are good up to the stress ratio of 0.6, beyond 
which the shear str-dns are overpredict edi Wreth's model in general 
predicts larger shear strains. Gam clay predictions are much too 
large. Volumetric strains are predicted quite well by these models 
for this test. 

Itor the stjress paths C and D (refer Table 6.l) predictions 
have been made from Eqns. 6.14 and 6.15 using B' = 9.0072. The 
model predicts shear strains for the stress path C veiy well, whereas, 
the predictions for stress path D are far from satisf^toiy 
[Rigs. 6,H (a) and (b) ] . Volmetric strain predjhtions are also 
not so good. Cambridge nwdels are ^plicable for «wet« cl^s only 
and as swjh these cannot predict the shear strains f^r these stress - 
paths. The voluaetric strains, in gaaeral for aU i^oading probes, 
are obtaimd by using »E» values only. These predjy^stions are 
considerabiy larger tii^ Ihose by the proposed mode^ and have not been 
ehovsn. Wrath’s model, althou^ it overpredicts tlje ftrain considerably , 
fiilows "til© obs6xv©d 
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Fig. 6.8(b) ^ows the predictions for the stress path G 
(Eqns. 6.16 and 6.17 have been used for S & P stress paths). 

25ie predictions coaipsre veil vd-tb the observed strains. wr©th*s 
model does not adequately describe the observed behaviour. Hie 
predictions for Ihe stress path P, shown in figs. 6.12 a nd 6. 15,- ' 
although not yeiy gpod, yet show the right trend . Ihe effect of 
the magnitude of the probe (as discussed in Chapter 6) is also 
indicated. 5U11 probe in one shot, gives much larger strains than 
the corresponding probe in four equal increments. 

Hie discrepancy between the predictions and observations for 
the unloading stress paths D, P, and G be due to: (i) non- 
availability of the complete test data from proper tests (B-unloading 
test should have started from the anisotropic line, unlike the B 
test for OCR = 1.25 used and E stress path test fram q/l’ = 0.4 
stress state should have been used). (ii) the eumbined effects 
of creep aM unloading, (for unloadir^ stress paHis G and P, #iere 
both T and q decrease, the response in the initial stages is 
delved because of the overriding Influence of creep due to Hie 
small unloading increment used). Hefer PL^. 6.12 and 6.13. 

Poulos ( l%4) mates similar obseirvations for materials exhibiting 
creep. It is quite likely that the ain^e parameter representation 
of the behaviour for such stress paths in this model, may not be 
able to account for the observed trends in Pigs. 6.12 6.13. 
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In order to check these possibilities, data from appropriate tests 
to failuro is needed • 

6 •24.2*1 discussions of the Predictions 

Based on tide paraieters, as eraltiated frc» the limited test 
data aTadlable, ,the proposed model shows excellent agresEOit feetweoi 
observed and predicted strains for all the loading stress patte* 

Hie model also predicts the behaviour rather well for 
unloading stress paths such as C, G and F and it is likely that 
the test data for the stress path D may be in error* 

Hie Cam clii^y model, as is now well known, considerably over- 
predicts the srrains* Burland^s (l965) model also cannot predict 
the strains accurately for stress paths E., G., A and B for 

I I * 

K^~coiisol±dated sample s. This metiiod oveipredicts fee shear 
strains considerably. !ISie laodificatioQs su^ested loeeoe ond 
Burland (l968) would predict still larger Talues of shear strains 
and as such is of not much help in this ease, lewtland (l973) has 
shown that for tests conducted from various anisotropic 

consolidation lines, Ihe predictions by the Cambridge models are 
raiher bad. Pig. 6,14 (b) shows this comparison. Lewin and 
Burland (l970) surprisingly neirer conpared, the test results of 
their detail el investigation with the Cambridge models. Saear strains 
were predicted from varloiis yield surfaces obtained frcm Ihree full 
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tests. Mg. 6.14 (a ) shows the details of 1±.e coBiparisoQ made. 

It is clear that the prediction of shear strains frc» various 
yield surfaces also donot coapare well with the measured values, 
althou^, th^ had specially selected sych a material for thia 
study liiich showed veay little cre^, so that the results are not 
affected by it. 

Results of the presoat investigation, along vdth the findings 
of Rewland (l973) and Lewin & Borland (l970), confirm that the 
Cambridge models based on constant values of X , E and M cannot 
predict the triaxial behaviour of the K^-consolidat^ san 5 )les. 
Incidentally, the assumption in these models regarding constant values 
of X and E, is probably a gross sii^jlifieation. Newland' a results 

(shovn in fig. 4.3a) and the results of the present investi^tic^ 
(shOTO in Mg. 4.2) clearly indicate that X decreases as n 
approaches M. Newland has further shorn dependeiKse of S/X and M 
on pressure. Yaradarajan ( 1973 )& Baiman (l972) have showi dependence 
of M on the pressure for the clay used in this investigation. 

Ihese variations in X , K aai M with the stress ratio n and 
the confining pressure may explain some of the difficulties associated 
with these models. A detailed in-sestigation regarding this variation 
ija X and K particularly, is urgently needed. Newland (l973) 
ri^tly ccaaments on the predictions by the Cambridge models that "any 
theoiy which does not correctly predict the stress-strain curves for 
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the two fUQdmeatal phases of liodraioed shear aod consolidation under 
constant q(E^ test), will not in general successfully predict the 
strains for the combination of these two phases”. Ohe present model 
atten^jts to meet these requirements. Newland further points out that 
the agreement between the predicted and the measured strains obtained 
by him for the anisotropic consolidation test results by MrlandVs model, 
shoiild be considered fortuitous for reasons mentioned above. 

Ihe reason why the Cambridge models Were successfully shown as being 
able to predict the observed behaviour (See Roscoe and Borland, 1968); is 
due to the fact that the verification of the predictions from ttese theories, 
was mainly attempted from test results conducted on isotropically consolidated 
samples (Pany, 1956; loudon, 1967; Schofield and Wroth, 1968). further proof 
of this can be had by comparing the predictions of the drained test results 
on isotropically consolidated samples of this clay by various lajdels. HxLs 
is shown in figs. 6.15 (a) & (b). Dotted curves in these figures are due t« 
modifications suggested by Roscoe and Borland (l968). 

She relationship given in Elg, 6. 16 has been made use of to obtain 
Roscoe & Borland's predictions, Roscoe & Borland's model predicts the 
strains for both the stress paths veiy well. Width’s model underpredicts 
the shear strains at hi^er stress level, lo prediction by the proposed 
model is shorn in Pig. 6.15, ifowever, it is clear that it will predict 
the smallest values of shear strains for the same stress ratio p . ihis 
is to be expected, since the model par^eters have been evaluated from 
tests on K^-consolidated s.miples. Parry's (l956) B stress path test 
data on isotropically consolidated Weald clay has beoi' compared witti 
the predictioas by the Cambridge models in fig. SJ17. It can be seen 
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that ftirlaad’s model predicts shear strains well up to ri = 0*65* 

In this oase also, the modification by Roseoe and Mrland (l968) 

b^ond n = 0.65 will result in overpredietion of shear strains, 
(similar to that observed in Pig* 6.15b). 

Prom the foregoing discussions; it is evident that the 
Cambridge stress-strain models predict the volimie change response 
quite adequately both for isotropically and anisotropicaljy 
consolidated samples. !Qae prediotluns of shear strains, however, 
are in error for all stress patn tests with k^-consolidation history 
and even for some stress path tests, like B (at hi^er n-raluee) 
conducted on isotropic al3y consolidated samples. !Hie errors in the 
predictions of the shear strains by the Cambridge models are further 
iMj to the fact that the associated flow rule uf the theory of 
plasticily, used in predicting the plastic strain increment vectors, 
is not strictiy valid for soils. Biis is becaarse the direction Of 
the plastic strain incrment vector is dependant cm the direetion of 
, the stress Increment vector for clays. Hg. 6.18 shone the stress 
probes along with the plastic strain incremait vectors for the two 
l»si 0 stress states, as obtained in this investigation and oonf inns 
the rotation of the strain incremient vector with stress path. ihis 
has also been reported by LeUevre (l 967 ) and lewin & Burlaid (l 970 ). 
lewin (l97l), after his detailed experimental study described in lewin 
aimi Borland (l970), ri^tly states in this that «iinless the 

rotation of the strain increment vector is allowed for then serious 
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difficulties arise when predicting the strains that are csu^d by 
imposed stresses'*. She serious difficulties in the strain 
prediction as stated by Iiewinj obTiously point to liB inability 
of the Gatibridge models to predict the rewilts of the tests along 
Tarious stress paths conducted by him on aniso tropically cxinsolidated 
samples (as described in lewin & Borland, 1970). lewin (l973) has 
also TSiy well d^ionstrated the effect of the stress histoiy on the 
plastic potential. He makes use of various anisotropic consolidation 
tests to obtain a plastic potential, which he combines vidtia the 
empirical approach of Roscoe and Boorooshasb (l965) to describe a 
method claimed by him as a "tuseful advance" over Roscoe & Borland 
model. However,- the predictions of the results of Xewin & Borland's 
(1970) study, have not been compared with l^s new approach. 

in the end it is pointed out that Ihe ^pirieal approach as 
proposed in this investigation appears to be cfuite appropriate at 
the present mcaaent (for example, see troth, 1968 and Iiewin, 1975). 

She suggested model is extremely aiwpift both in reject of its 
fonaulation and evaluation of the rel.erant paraaeters. Only four 
basic tests are required to predict the behaviour of all stress paths 
in the triaxial stress space (Refer ^le 6.1). However, it is 
quite clear that more detailed woifc aloiig the suggested lines is 
needed fi>r a variety of natural clays, to evaluate the validity of 
the predictive power of this model. ' Ho comparison of the predictions 
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by this model, of the test results on other soils, c»uld be 
attempted, due to the lack of data for the twio basic tests (i*e. , 

B (S; required to evaluate tbs parameters needed. In oeanparihon 
to other models discussed earlier, it has the versatility to 
viccount for botSa the relevant field stress history and the stress 
path dependence. Bae same appioacdi could be extended for 
predicting the b Saviour under more general three— dimoasional stress 
conditions, ma kin g use of a true triaxial test apparatus. 

Hie model C!ia also be readily used to predict the settlement 
of footings on clays, using the approach, suggested by lambe (l964, 
196?) and Davis & Poulos (l968) as folio d©: 


Erom Eqs. 6.12 and 6.13, the axial strain increment can be wilttm as 


de 


1 


4^ + j dv 


( 6 . 20 ) 


She axial strain increment obtained ffcm Stj. 6,20 is then asamed up 

along tte depth as follows to obtain the total settlaaait e^: 

1 


H 

e- = / de dz . (6.21 ) 

o' 

where H is the depth of the clay Ijyer. 

Brom the ccmpaxisons of volumetric and strain predictions by 

various models as discussed earlier, it is obvious thdt the proposed 
model will predict less axial str=dns for the soil under investigatioi: , 
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compared to the method siiggested by Borland (1972). (lembe, 1965 
shows that the refined stress path method will predict far less 
settlement than by oedometer and other meliicxis). Of course, tte 
proposed method has the same limitation as the methods of lambe 
and airland in respect of effect of initial yield on settlanent. 


6.2.3 Prediction of the anisotropic Consolidation lest Results 
by the Proposed and other Models. 


^ definition, 

^ ( 6 . 22 ) 

Bor ri—constant tests, Eq» 6.22 can be written as 

dq = n dP (6.23) 

Since for anisotropic cccsolidation, 

q^ = MP^ = MP (6.24) 

ajbstituting Eqs. 6.23, 6.24 in Bqs. 6.12 and 6.13, following 
relations are obtained 



P*n ■. dP 
M ■■ P 


(6.25) 


and 



^ ^ 1 dP 

M-n'* p 


(6.26) 


Ihe flow rule is obtained from Eqs. (6.25) and (6.26) as follows: 
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« 

V 


a 

3 M-n 


“1 ^ 


H 


(6.27) 


or 


s 

TT 

T 


V°1 * E? 

1 - K'A, f 


(6.28) 


With Oj = 0.02, = 0.076; D' = 0.045; 


ct^/a^ = 0.263 and DVa^ = 0.591 


(6.29) 


Substituting E<j, 6.29 and M = 1 in Sq. 6.28 gives: 



V 


0.265 + 0.391 nXl-n) 
1 + 0.591 n 


( 6 . 30 ) 


Eq. 6.30 oau predict the total strain increment ratio e/t for 
anisotropic ccaisolidation test for various p-values. SLg. 6.19 sho?® 
the prediction from. Eq. 6.30 along with l±je predictions by the two 
Cambridge models. At n = 0, Eq. 6.28 reduces to e/v = 0.263, 

It is evident -toat e/v cannot be equal to 0.263 for the isotropic 
•Eests. Ste exact value ofcourse depends on the parameters 0 ^, 0 ^. 
However, a small positive v^ue of the ratio e/v has been observed 
during isotropic c<»solidation partly due to the anisotropy induced 
at the tii^ of sample fanaation (Siaons & Scan, 1969 and Lewin, 1971 & 
1973 )- Experimental points have also been marked for comparison. 

Bie predictions by proposed models lie, in general, close to those by 
Roscoe & Burland *^1968). In fact the predicted curve almost fits the 
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Eq. e/r = 1.'^^ ^ ^ whidi is siBELlar to i/v = ^ - ■ proposed by 

P -b M'^-n 

Soseoe & Burland (l968). 

K-g* 6.20 ^ows the anisotropic consolidation test ireful ts 
on other soils. The predicted curve, in general, agrees with the 
observed beha-viour i.e., when n Mj e/v » , But, Nany (1968) 
predicts a linear relationship between ri and e/v . Ihe test 
results of Naray, however, do indicate a tendency to follow the 
behaviour observed by nany investigators on different clays, as shown 
in this figure. The general trend of e/v -»■ “ as n ->■ M 
appears more logical considering that normally consolidated clays 
at higher stress ratios show much larger shear strains and gradually 
flow at constant volume as critical state is approached, ^diich 
evidently shows that e/v should approach <» as p approaches 
M. The comparison of the predicted behaviour during anisotropic 
consolidatioa for this clay with that observed in ^neral by others 
show that the model can p^dict the behaviour very well. 

6.2.3.1- Prediction of by the Proposed Model 

The predicted value of is shoiw in Mg. 6.19 coorresponding 

to a ratio l/f = 2/3. Ihe value of is 0.625, as compared 
to the measured value of 0.685. Sq. 6.28 can be used to get a 
relationship between and if>*as fellows : 

arbstituting s/v = in Eq. 6,29 and csii^fsii^ing j 
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2 


^ D’/Oj-l.S a3/aj)n+Cl,5 Oj/a -i)H2 a./D»=0 (6.31 ) 


Eq. 6.31 is sxEi: lar "to the relatiooship of Jk)scoe and Bmiand 
(l968) given by: 


+ 3(1 - lc/X)ri - = 0 


(6.32) 


iton Eq. 6 . 3 1, for various cor.binations of M, D'/a^ and » 

can be predicted in a manner s:;.nilar to the curves given by 
Roscoe and Burland (lS6S) for variotus combinations of K/X and M. 
However, to obtain a simplified relationship between and 4 ', 

substi-cution of E'/a^ = 0.591 and = 0.263 in Iq. 6.31 gives 


+ 1.525 Mp - 1.025 = 


( 6 . 53 ) 


Substituting M = 1 1 and in Eq. (6.32) and 


3- ^ 




then siE^jliiying; the following relationship is obtained. 


y _ 1 - 0.661 sin ^ ( \ 

o 1 + 0.344 sin ( 6 . 34 ) 

Eq. 6.54 is plotted in Eig. 6.21 to give the variation of E 

o 

with 47 . .Predictions by Jaky ( 1944 ), Wrofch (l968), Iiewin (l 970 , 

1971 ) and the experimental vriues of E^ obtained in the laboratory 
by a nimd)er of investigators are also shown in this figure. Hae 
predicted curve is close to aany experimentally observed values for 
clays. 
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6. 2.3.2 Prediction of the State Boundary Surface. 


Using the flow rule as given by Eq. 6.28 and fhilowing Jtoscoe & 

Borland ( 1968), the equation for the state boundary surface is obtainM 
as follows; 


where: a,b, d are constants given by: 


(6.35) 


a = {-M + M - B), 
b = + BM ), 

d = 

where, 

A= yo,, 

and B = D'/ct^ • 

Pig. 6.22 shows the predictions of Eq. 6.35. Boscoe & 
Burland's (l968) predictions for M = 1 and 1.1 are shown separately. 
aSie experiaentsl data of this investigation .and also the data on 
isotropically consolidated sanples of this clay are presented. ISie 
fact that the preaictea state boundaiy surface is close to Boscoe 
and Sirland’s juodel, shows that the- voluEietric strain predictions 
by these models would be very similar. Hiis was observed in the 
discussion given earlier in this chapter. 

Also as pointed out earlier, the relation e/v = 

m-T] 

here is very close to the relutioa used by Boscoe and Burland. 


used 
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The test reeults of A aod B stress paths up aM ultinately 
join the state boundary surface as shown, where it starts yielding. 
Sixiilar behaviour is observed for lightly overconsolidat^i samples 
both for isotropically and anisotropically consolidated clays. The 
f£!ct that clays show clear yielding is illustrated froD the liinited 
data in this investigation in Pigs. 6.23a and 6.23b. Stress path 
tests (a, B and c) conducted on lightly overconsolidated clay saaples 
show yielding clearly and trace of the volunetrlc yield 
locus for lightly overconsolidated cl^ is givaa (Pig. 6.23b). 

This substantiates the findings of Barry and Nadarajah (l974) and 
iilitchell (l970). This also confinns the broad concepts presorted 
by the Gaiabridge group on the state boundary surface. 

6. 2. 3. 3 ■ Other Predictions 

. Bre proposed nodel could be used to predict the undrained 

test results. Putting dV = 0 in 6.12, wculd predict the 
pore pressure response and Eq. 6.13 would thar prolict the stress- 
strain cur*ve» This has not been wohced out, as no undrained test 
Kj^“GOcisolidated sanples was conducted. 

Also K^-unloading behaviour could be predicted 
£qs. 6.16 and 6.17, by putting 'tee condition for (i.e.,d£/*dv = 2/3), 
as suggested by Wroth (l968) , 
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' €*3 HiOPOSED MODEI) K) PREDICT THE DRAINED CREEP RATES 

The drained creep test results, presented in Chapter 5, show 
that the creep rates are dependent on the stress path and the 
stress ratio. It is suggested that the logardtiiaic creep rates 
(Cjj) for various stress p<iths nay be predicted fron the creep 
rates of two basic tests; (i) P-constant creep test and (ii) q-ccmstant 
creep test; the assuiiption being that the effect of any increaent on 
creep rates consists of the separate effects of the corresponding 
increiaents of P & q. Thus, the azial creep rate laay be given as; 


dC 


80 


ne. 


8C 


ae 


where 


1 

SGae 


8P 


dP + 


ae- 


8q 


dq 


(6.36) 


-W 


1 


80, 


and 


'ae 


81 


■3 — are the paraiaeters controlling the 


contributions to 0 fron q— constant and P— constant tests 

1 

respectively. 

Sie volunetric creep rate, based on the results of the present 
investigation aicKi also those of others, can be given as; 


C = A 
or 2 


(6.37) 


where A^ is a constant fcr a milf which depend to some 

degree on the stress 


I 
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6.3«1 Eraluation of the Parameters 
6.3. 1.1 Swaluatioa of 


was fouM to be independent of n upto a ceirtain value 
(yield value), after which it starts decreasing, Refer Figs. 5.32(a) 
and 5 . 34 (a), This is the general picture accepted at the present 
time ( 1975 ). A_ is then the value of C detemined frcn a 
consolidation test. It is suggested that this value may be obtained 
by conducting stress path test frcaa K^-line. To predict the 
variation ;as observed in Fig^, 5.32(a) and 5.34(a), it is further 
suggested that the yield value for may be taken as that obtaimd 

for and this value miy be predicted using the Eq. 6.56 as shown 


in the next section. 


6. 3 « 1.2 Evaluation of the Parameters for Eq. 6.36 

Axi al creep rates (c^g. ) obtained from creep test are 

plotted against In P. Fig. 6.24(a) shows th^ C doos not 

“1 

depend upon the pressure. E test results indicate that; 

1 

3Caej 

— dP = constant = (6.38) 

(A^ = 0.18 for this clry). 

Axial creep rates for B creep test, are plotted in an 
unconventional manner to ?account for the stress level dependency 
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ia tile fomulation. Eig. 6.24(b) show a linear relationship 
both for noisally & li^tly overconsolidated samples. Hie slope 
is indicated in the figure for each case. 


B creep test indicates: 


31 



(6.59) 


Hie following relation for creep rate is obtained fron 
Eqs* 6 •36, 6 ,36 6.39: 


dC 


ae. 


= 


dq 


(6.40) 


Hois equation clearly predicts the drained creep mtes over the 

whole range of n-values. From Eq. 6.39, it is seen that as 

1 Iff ® . Hiis is consistent with the espected trend, 

1 

as has been observed in this and other investigations. Hie 
relationship between Cae^ b so predicted, can be used to 

obtain the yield value. Hiis is clearly an inprovenent over 
Walker’s (l969) linear relationship between and n . 

6.3.2. Piedictions of Creep Hates for loading Stress Paths 

' if' 

fable 6.2 and 6.3 show the predictions for the two stress 
paths. As the creep test results for E stress path are not 
available, the prediction of C„g 


for unloading stress paths 
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could not be attempted, ISables 6.2 and 6.3 show that the careep 
rates for various stages along A and tests ara ve^y well 

predicted. Ihus the proposed aodel has the abilily to predict 
creep rates for various stress paths and stress ratios, at least 
for the loading stress paths. 

A practical aetbod of estimting the creep rates for a 

footing problen, nak±ng use of Lambe's stress path nethod 

(origtnal3y suggested by Barden, 1969) is given. 3!he axial creep 

rates for various stress paths (depaading upon the stress 

increments at different depths calculated from theory of elasticity) 

can be predicts by the proposed model (using Eq. 6.40). aese 

predicted rates can then be integrated over the thidfcness of the 

layer to get the creep settlonent rate of tte footing (P ) as: 

cs 

H 

o 1 

where H is the thickness of the layer. 

A similar approach is recently sug^sted by Poulos et. al. 
( 1975 ), wtoo advocate condiicting ttie relevant triaxial tests, 
depending upon the stress increments, on samples obtained froQ 
different depths. However, Eq. 6.41 can predict the creep rates 
for ary combination of stress increments, once results of B and 
creep tests are known. 



185 


It is st:iggested that the prediction of creep rates for 
retai n i n g stiwturesj slop^ etc. couid be a'ctanpted frcaa a 
knowledge of creep tests along E, B and B-unloading paths. 

Bie combined approach of the proposed model (i.e., prediction 
of strains and creep rates) can thus help in solving the stress— 
deformation-time problaas to a reasonably accurate extent. It is, 
however, felt that the results of exhaustive experimoatal investigations 
on different natural clays are needed to ascertain the vali dlty of the 
concepts presented here, 

6.4 EViinATIOT OF THE DEAIKID CRBIP BEHAVIOUR M RATE 

PROCESS THEOHT* 

Hie recent detailed study of the Beikel^ model by Mgers 
et. al. ( 1973 ) has indicated the usefulness of this simple model 
to predict the undrained creep rates of a field problem. Hairdly 
any effort has been made to veri^ the predictability of the drained 
creep rates by this model, as suggested by Sin^ & Mitcheli (l968). 

In this section, tne three parameters needed to predict the strain 
rates, have been evaluated and the effect of stress path, stress 
ratio and the stress histoiy on these parameters under drained 
conditions has been discussed. 

Hie semi-empirical three parameter relationship proposed by 
Sin^ and Mitchell is given by: 


* hereafter referred to as Bcifcelty model. 
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is for drained tests, D = ti , n has been made use of in the 
pacTsmeter eraluation. 

6,4.1 Evaluation of the Paiaiaetezs and Discussions 

Only the axial strains hare been used for this purpose, as 
the ccHEplete time data requtired for calculating the volixaetric and 
shear strain rates was not availdble. 6.25 through 6.28 

present the log axial strain rate vs. log time relationships for 
stiass paths A, B, G, and for nonaaliy consolidated clay 
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samples. m suggested by Mgers et. al. (l973), the straight lines 

haye been drawn tiir^cxigh the cfXperimantal points , .irepresenting the 
steady state* Bie relationships are linear fOr time intervEls 
greater than about 3CX} mirmtes. Hie reason wiy the ezperisiaatal 
points in the beginning done t fo-llav the lin^r relationship megr be 
due to the effort of the multi-increment tests conducted in this 
study or be charsnt oris tic of the drained creep behariour. Hie 
Berkeley model has been verified for single-increment tests only 
(Sin^ and !tltchell, 1968). Hie linear relationships as obtainei 
on this plot, confirm the concepts of Singh & Mitchell. Diese 
lines are not parallel to ^h other, thus indicating the sli^t 
influence of n on the value of the parameter ’ m ^ (liiieh is the 
Slope of the straight lines on this plot). varies between 0.4 

to 0.8 for different stress paths and stress ratios investigated. 

Hie difference in valu^ for a given value of ti(= 0.7) is 

about 40 percent for s and 0 stress-^patha, indicatii^, that 
not be constant for a soil. It is lijcely to be affected by the 
stress path t stress level. ' However-, Sin^ & Mitchell Cl968) place 
great mplmais on the creep potential which th^ consider to be 
a material propeziy only sli,ghtly influenced by test coMitions md 
the stress level. is , * is less than 1 for this clay, for different 

conditions of test, it is indicative of the high creep potential 
of the clay. ■ 
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KLgs. 6.29 and 6.30 show that for the overconsol Mated 

sanples, the pattern of Tariation is similar to that observe! for 
QOimally ccaasolMated saanples of this clay. Ihe parameter, ’m’ , 
thoiigh sli^tly different for the two stress paths A and B, appeara 
to raiain constant vd-th n and the stress history. Hence, with the 
licaited data, it can be conclxjied that the parameter *m’, does not 
depend upon the stress level and the stress path. Edgers et. al. 
(1973) show that this parameter is not constant, but depends upon the 
teat conditions, stress level etc. 

Pi^. 6.31 thrcxi^ 6.34 represent the log arial strain rate vs, 
relationships for varying time intervals. Within the extrapolated 
range (Pigs. 6.25 throu^ 6.30), these are linear lines hatving a slope 
of a and the reference strain rate is determined from the 
intercept of the linear line on the ordinate at a given reference 
time ( t = 10 minutes). ’A* depends upon time (see Pig. 6.35). 

*A' yalue for N.G.G. is larger thaa the value for OCG , thus indicating 
a higher order of ma^iitude of creep rates for normally consolidated 
samples. Ibis is consistent with liie observed behaviour discussed 
in CSnapter 5. *A' appears to be hi^ly stress path dependent. 

Its values are 0.002 , 0,00024 and 0.000045 for stress paths A, B and 
C respectively. 

a varies between 0.75 to 2.15 for normally consolidated 
clays, and between 3*64 to 5.3 for the lightly overconsolidated clays, 
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indicating a greater influence of stress level on the rate of creep. 
!Hais paraneter is also influenced by the stress path. 

item the foregoing disciassion, It is quite clear that the 
Beikelqsr model is a u^ful tool for prediction of steady state 
drained creep rates, however, parameters A and a, appear to he 
highly dependent on Stress history and stress path experienced by 
the sample. TShile the proposition of "m” being a soil constant 
indicative of creep potential appears to be intuitively sound 
even tempting, the results of investigations by Edgers et. al. (l975) 
for undrained creep and the present investigation for drained creep 
indicate a range of values of fcsr a soil depending on stiress 
history, testing conditions and stress path used in the test. Ihether 
these variation in "m” values for a given soil are mainly due to these 
effects or simply represent variations witiain the scatter range 
arising out of non uniformi'^ of samples and testing errors, need 
to be thorou^ily investigated. At the present time it can thus be 
concluded that an average ” 0 ” value with a and A as functions 
of stress paidh and stress history could be u^d in the Berteeley model 
to predict drained creep rates in the field. 

6.5 OONCEaSIONS 

A model has been suggested to evaluate stress-strain-tine 
behaviour for K^-normally consolidated saturated clays. lests 
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needed and the procedures to evaluate the relevant parameters hare 
been outlined. It has been shown that for all loading stress 
paths, the predictions are in vezy good agreament with the experi- 
maatal data. In case of unloading stress paths, the predictions 
ai« not as good and the discrepencies are likely to be due to lack 
of appropriate and ccmplete test data. However, the model is able 
to, at least, give the proper trends- 

It has been suggested that the model can give reasonable 
predictions of value and behaviour during undrained shear. 

Ihe values of o'/al during K -unloading can also be estimated. 

^ i O 

lEhe flow rule ( •»• ) as obtained here is almost identical to liae 

V 

findings of Boscoe and Burland (l968) and Newland (l973). She 
suggested semi-empirical approach appears to be oonsistaat with th^ 
current emphasis by other research workers in this area at the present 
time (see Wroth 1968 and Lewin 1975). Such an ^proach is shown to 
be hi^ly versatile and can be escteMed to the understanding of 
the sti^ss-etimn-time behaviour airier more general stress conditions. 

It has been suggested that the proposed method can be used to 
calculate settlement of footings on soft elagrs by adopting the 
lambe's stress path approach. Ihe saae is shovu to be applicable 


for drained creep rates 



Ihe Beikel^ model is sbom V3 be able t» predict the steady 
state drained creep rates, if an average V value and a and 
'A' as functions of stress path and stress histoiy are used in the 
relationship. 
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TaTsle 6.1 


Suggested Basic Tests to Ivaltxate 
the Relevant Paraaeters in 
the Proposed Model for Different Stress Paths 


1 

1 

S.Uo. 1 

! 

1 

i 

f 

Stress paths to he 
predicted hy the model. 

He-comiiiended Imsic , 
tests needed for 
parauBter ' 

eiraluation 

r 

Stress path* ! 

i 

designation of 
stress paths 
used 

1 

1 

1 i 

Ap and Aq 
increasing 


aM B-loading 


[ 245 ° <. e J< 56 CP] 



2 

Ap decreasing 
and Aq increasing 

C, D 

E and B-loading 

! 

['155“ £ 9 1243“] 



3 

AP and Aq 
decreasing 

F, G 

1 and B-Hinloading 


[65“ 1 9 1 '>55“] ! 



4 

Ap increasing and 

Aq decreasing 

- 

E^ arai B-^inloading 


[o £ e £63“] 





*Refer Figs. 3»5(^) & C"^) details. 




Table 6 .2 


PREDTCTIOK OP CREEP RisTES 
STRESS PATH ’A« 

(ncg) 


r) 

c 

“"1 

PREDICTED 

: Measured 

0.46s 

0.297 

- 

0.554 

0.61 

- 

0.595 

0.95 

! 1 .05 

0.656 

1 .28 

1.25 


Table 6.3 

PHEDICITON OP CREEP RATES 
STRESS PATH 

(HOC) ^ 


T ] 

C 

ae^ 

Predicted ^ 

Measure 

0.A15 

0.243 

; 0.425 

0.450 ' 

0.4^5 : 

0.425 

0.443 

0.725 - 

' 0.545 

0.455 

0.96 ; 

‘ 0.62 

■ 
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Basic stress state 
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Stress path B 
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FIG-6-6' P-CONSTANT (STRESS PATH'b) UNLOADING TEST ON NORM 
: -ALLY consolidated RANN OF KUTCH CLAY 
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6-8 COMPARISON OF THE PREDICTIONS OF THE TEST RESULTS BY VARIOUS MODELS 
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FIG-6-11 COMPARISON OF THE PREDICTION OF THE TEST RESULTS BY VARIOUS MODELS 
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FIG.6-12 eCWPARtSON OF THE PREOlCffiM OF" THE TEST RESULTS BY VARIOUS MODELS 











FIG.613 COMPARISON OF THE PREDICTION OF THE TEST RESULTS BY VARIOUS MODELS 
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FIG 6-?! VALUES OF Kq FOR A WIDE VARIETY OF SANDS AND NORMALLY CONSQl 
CLAYS [AFTER WROTH, 1972] 



FIG. 6-22 PREDICTED STATE BOUNDARY SURFACE FOR RANN OF KuTCH CLAY 
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Conventioncil drained teats on u sraople, wiiich had developed this 
critical pressure, showed a much stLffer stress-strain response, 
lests on li^tly overoonsolidat^ Siaaplas appear to atleast quali- 
tatively represent the insitu behavioirr of the marine clay. 

®ie unloading b Saviour along various stress paths sto»ll^, 
showed toat the recovery in volumetric and shear strains was very 
aaall. Hie magnitude of the probe has a siAstontial effect on the 
strain response. 

Drained mcdulua is very much a function of the stress jKith. 

Hie effect on drained moduli of Hie previous stress history 
(isotropio/aniso tropic consolidation; noiaally/li^itly overconsolidated ) 
is considerable acd it is erqphasized that the relevant ccwasolidation 
stress history must be duplicated in ti» laboratory fhr aiy sensible 
results. 

It is pointed out taat the use of elastio theory in interpreting 
the results of s<me stress patte lead to an anaaolous behaviour. Hiis 
is due to the fact that tne theory of elasticily does not handle the 
stress path d^endent, dilatant benaviour of the clay. 

7.2 DHilljS) GHSEP BEH4VIMIB Of MISOflQfICllH OCffiSOIIDilSD OIM 

lime readings for ail the incremental creep t^ts along various 
stress paths were recorded fhr twenty four hmirs except for the 

test for rtiioh Ita loMlags .are raoordad for a 
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fortnight. Drained creep behaviour has beeo presented in the foim 
of percent strain (voluaetilc, shear & axial) variation with log 
time (minutes) both for normally and li^tly ovejroonsolidated samples. 
Allowing conclusions were dram. 

35ie ciarves, after an initial portion up to a few hundi«i 
minutes resolve into linear strain-log time plots both for noimeilly 
and li^tly overconsolidated samples for various stress paths, 
logarithmic creep rates (for 1 and B stress paths) observed for 
li^tly overcon®>lidatad clay are BBuch email er» ccaspared to the 
oorrespoading values for ti^ normally consolidated clay. The 
conventional drained test fer a twenty day aged sample showed similar 
behaviaar. Hence drained creep tests li^tly overcoosolidated 
samples may atleast qualitetively represmt the insitu creep rates, 

33ie results clearly indicate that the drained lo^rdthadc 
creep rates depend very mach on the stress pa^, Sbr the same 
stress ratio, the variation in creep rates for differ^it stress paths 
is very significant. 

Axial and Siear logarithmic creep rates (for A and B stress 
paths) show a linear increase with the stress ratio n upto an 
"yield value", beyond fdiidi the axial and snear creep rates become 
excessive leading to creep 3Eupt«re. Stest results of stress path 
(q-constant test) showed tiaat ttie axial and shear creep rates 


254 


remain aliEOst ird ©pendent of n and oonfiaing presaair®. 

foluaetrio creep rates are independent of n i^to the 

value”, beyond whicb a decrease in creep rates occurs. 

Volume tide creep rates, with tte limited data available in this 
study, su^^st pith dependaice, altlK>u^ further detailed investi- 
^tion is required to clarify this point. 

7.3 OP THE OBSBRVS) STH^-STRiH-TIME BffiAVIOOa. 

It is proposed that the stress-strain behaviour of a saturated 
clay along any stress path, may be predicted from the results of two 
basic testa (i) consolidation test froei a k^-line (q-eomtant) and 
(ii) pure ^ear test (p-coastant) frc» a k^-line. I^aluation of 
coostants in #ie proposed model was done using results of B, 

1, B-unloading stress pa dr tests. Praiictic^ss from this model have 
been compared with those from other models aradlable in literature. 

It has been shown that for all loading stress paths, the pr^ictiore 
are in very g^od ngreement with the experimental data. In case of 
unloading stress paths, die predictions are not tis good end the 
discirepeaciss are likely to be due to tlws lack of appropriate and 
complete test data, !I!ie arodel is ^le to give atleast the rigiit 
trend for these stress paths. 

It has been suggested that the midel can give reasonable 
prMictioas of k^ value and unloading b^isviour during shear. She vaiu-is 
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of duiiag k^-unloadiog can also be estimated. Ihe flow 

lule as obtained beire is almost identical with the findings of 
Eosooe & Birland and Newland. 

A model based on the results of f-coastant and q-constant 
creep tests on k^-consoll dated samples, has been proposed to 
piredict the creep rates over the whole range of p values tqito 
failure for a variety of loading stress paths. A procedure has 
been outlined to evaluate the constants to be u^d in this model. 

It has be» shorn that is cohstant with v, u,to a 'Vlsld 

'I 

value”, and thereafter it decreases to very emaU values at failure. 

A sli^t dependence of 0^^^ on stress path has bem indicated, 
fhis at the pi^esent time (1975) clears the confusion re^rding 
^av pointed out in the next. !Ihi8 'yield value' is corresponding 
to the value of p at which excessive axial creep rates develop. It 
has beai shown that the decrease in begins at the sme p 

value. fraiiotion of drained creep rates for the too loading stress 
paths is very good. Sie suggested semi-®apirioal ^proach is shown 
to be highly versatile and can be extendai to toe understairflng of 
toe stress-strain-time behaviour under more general stress coiaiitions. 

It has been suggested toat toe proposed model can be usei to 

i 

calculate settlement of footings on soft clays adopting toe 
Laabe's stress pato approach. fhe same is applicable for druimd 
creep rates also. 
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The Berkeley rate process nod el is showi to predict the 
steady state drained creep rates provided an average '** value 
and a & a as fmctinns of stress path »1 stress histoiy 
are used in the relationship. 

7.4 SUG<SBS!IIIOSS BOR HESEiSGH 

The following sug^srioas are made for further research: 

In the study of stress-strain b Saviour, a© re tests on 
lightly overconsolidated sany lri sC S g* different OGH values) abmtld 
be conducted along various stress paths in order to assess the 
insitu b Saviour of soft clays. 

Detailed l£d)omtoiy tests to detenaine the variation of X , 

K and M with stress ratio, pres^are etc. should be eonductM to 
assess the predictability of various Ceaabrid^ ssdels. 

Data from cojaplete draiaed creep tests along various stress 
paths is needM to ®jbatmtlate some of the observaticffi® mde, 

Oowplete stress controlled teste on k^-ccaasolMatfti samples 
should be conducted upto failure, as su^ested, in order to evaluate 
the paremeters laeeded for the proposed model. 
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